
IftAI~rForm A~povedAD-A214 681 .P E .MB No. -
V" of4 M~tormeam Wd om, Of $, W of VMS

c0Us~~~~ 1t011MC m6euowl" 4VS it~a~@a :Z FMx0S 01Mn -W 4490M~ 12 IS beflwI,
Do" P of and pi P&WdqW 02c P-1et 14d PW. W. O< 20"jr

1. AGENCY USE ONLY (Loave bink) 1 2. REPORT DATE 3. REPORT TYPE ANb DATES COVERED
IDecember 1980 Final/ 10/1/7s- O/l/,gn

,. ITLE AND SUBITLE S. FUNDING NUMBERS

ELECTRONICALLY INDUCED PHASE TRANSFORMATIONS

61102F

LAUTHO) 9767-04

Arthur J. Freeman

7. PEOM N O RG ANATON NAMI(S) AND AOO ASS4IS) . PERFORMING ORGA N

Department of Physics and Astronomy A'M .". i 9" 4 l
Northwestern University
Evanstron, Illinois 60201

9. SPONSOWUG/MONITORING AGENCY NAME(S) AND ADOAISSJES) 10. SPONSORING/ MONITORING

AGENCY REPOIRT NUMIER

AFOSR
BLDG 410
BAFB DC 20332-64A8 AFOSR 76 2948

11. S LUPF" NTARY NOTES

12a. DISTRWUTXOUVAYA4$IUY_ STATEMENT 12b. OISTRIBLTION CODE

13. ABSTRACT (Maaomum 200 words)
The electronic interactions responsible for the observed electronically induced
phase transformations in several important classes of materials were investigated
theoretically in close collaboration with experimental programs at other institutic s.
These include destruction of superconductivity and onset of a normal magnetic statE
at low temperatures in ternary rare-earth superconducting compounds and the possib
occurrence of a new mixed phase, the origin of the phase transition to the
superconducting phase in the Chevrel compounds, the possibility of excitonic
superconductivity in CuCl, the origin of phonon. Li I I LA

ELECTFR%

NOV 29 1989B D
'.4. SUBJECT TSS 5. NUMBER OF PAGES68

I L PRICE COOL

17' SECURITY CLASSIFICATION 1B. SECURITY CLASSIFICATION 19. SECURITY QASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
unclassified unclassified I I _I

NSN17540. 0-(500 Standard Folrm 9 t104 0r at)-,.- 7S4-0-20-50 P y
i8 "% V lIll N llI



AP 06 It -I A . . .

TABLE OF CONTENTS

AFOSR Final Technical Report Grant No.

ABSTRACT .......... ......................... .I
I

I. INTRODUCTION ............. ........................ 2

II. RESEARCH OBJECTIVES ........... ..................... 2

III. METHODS AND APPROACH ........... .................... 3

IV. SCIENTIFIC SIGNIFICANCE OR DIPACT ON TECILNOLOGY ... ....... 4

V. RECENT PROGRESS ACHIEVED .......... .................. 5

A. High Field Superconm-t4vitv of Chevrel Phase Compounds. 5

B. Isostructural Phase Transition in fcc La and High
Superconducting Transition Temperature . . ......... 6

C. Origin and Nature of the o-v Phase Transition in Cerium. 7

D. Surface Phase Transitions in W(001). ............ 8

APPENDIX A: LIST OF PUBLICATIONS (1976-1980) RESULTING FROM
AFOSR Grant No. 76-2948 ....... ............... 10

APPENDIX B: FIRST PAGES OF PAPERS PUBLISHED .... ............ 14

APPENDIX C: PAPERS, SEMINARS AND LECTURES PRESENTED (1979-1980). 65

A.eesionl For

i t

l #,.:: l~p l ,el



FINAL TECHNICAL REPORT

AFOSR Project Number

Sub-element: General Physics Grant No. AFOSR-76-2948

Title: Electronically Induced Phase Transformations

Principal Investigator: Professor A. J. Freeman

Department of Physics and Astronomy
Northwester:n University

Evanston, Illinois 60201

ABSTRACT

The electronic interactions respornsible for the observed electronically

induced phase trznsformations in several important classes of materials were

investigated theo-etically in close collaboration with experimental programs

at other institutions. These include destruction of buperconductivity and

onset of a normal magnetic state at low temperatures in ternary rare-earth

superconducting compounds and the possible occurrence of a new mixed phase,

the origin of the phase transition to the superconducting phase in the Chevrel

compounds, the possibility of excitunic superconductivity in CuCZ, the origin

of phonon anomalies in Pd and Pt metals, electronically driven phonon insta-

bilities and the formation of charge density waves in layered transition

metal dichalcogenides
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I. INTRODUCTION

This Final Technical Report under AFOSR Grant No. 76-2948 covers a highly

prolific period of solid research accomplishments marked especially oy their

forefront and innovative character. New theoretical/computational methods were

developed and applied to the study of electronically driven phase transitions

in a wide variety of materials. To report in detail on all these accomplishments

would require a massive tome. Since four interim annual technical reports have

already been submitted, this Report will surtmarize progress and accomplishments

achieved on several projects in this last year.

The high level of productivity is seen from the appended total list of

publications for the entire period - numbering some 50 publications in all.

This is but one measure of the accomplishments and recognition achieved. It

does not include the numerous invited (and contributed) papers presented at

national and international conferences, invited seminars and colloquia presented

at universities and national labs, international conference and seminars which

the PI helped to organize (often as chairman or co-chairman), service on

national and international scientific committees, etc.

II. RESEARCH OBJECTIVES

The aims and purposes of this research were to (i) develop sophisticated

theoretical and computational methods which would (ii) permit the acctirrpt

theoretical determination of the ele: - ic structure of complex systems and

the origin of their electronically driven phase transitions. It is widely

recognized that the many important and increasingly complex properties of such

materials require the most developed form of the quantum theory of matter.

Unique information derived from such studies is increasingly attracting the

interest of material scientists seeking solutions and/or understanding of

phenomena (including some in the more classical metallurgical domain) thought

previously to be too complex for first principles theoreLical treatment.
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III. MTHODS AND APPROACH

The newly discovered exotic phenomena in complex materials such as the

rare-earth ternary superconductors have challenged the traditional understanding

acquired from approximate theoretical treatments within the quantum theory of

matter. This challenge has been met by recent developments of the energy band

method which have made it an increasingly powerful sophisticated, and successful

tool of the solid state physicist. The success of the energy band approach is

based on the work of Hohenberg, Kohn and Sham in developing the local density

functional formalism for investigating various ground state properties of solids.

Aside from providing a rigorous basis and justification of the single particle

energy band description, it has led to accurate tractable computational schemes

for describing them from first principles.

Because of the importance of charge transfer between different atom species,

meaningful results are possible only if carried out self-consistently. For

magnetic systems, local spin density functional theory carried out as self-

consistent spin-polarized energy band calculations (different potentials for

different spins) are obviously necessary. Both self-consistency (which requires

iterative procedures to obtain convergence) and spin polarization make these

calculations enormously more complicated and time consuming and so have been

carried out, using traditional methods, only on simple systems.

Our work has been at the forefront of these developments in the local density

theory-energy band approach. Several novel schemes, such as the self-consistent

linear combination of atomic orbitals (LCAO) method and the self-consistent

linearized augmented plane wave (APM) and the self-consistent spin-polarized

linear muffin tin orbital (LMTO) methods are now among the basic methods we have

developed and are using in our fundamental theoretical studies of both bulk

solids and surfaces. The examples described later under progress indicate some
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of the richness and variety of properties and phenomena which are being and

can be studied today. Comparisons with experiment provide today such a demanding

test of the predictions of one-elecLron theory that our work has the additional

virtue in permitting, by the comparison with experiment, 'accurate determinations

of the relative magn.Ltude and importance of many-body effects in real solids.

IV. SCIENTIFIC SIGNIFICANCE OR LMPACT ON TECHNOLOGY

The important phenomena of phase transitions, superconductivity and magnetism

in the complex systems being investigated are highly exciting from the scientific

point of view. In addition, these materials are also important technologically

in that they havu potential device applications, and so the tnecretical knowledge

obtained from the underlying physical phenomena may have important technological

consequences. To give one example, the Chevrel phase ternary molybdenum chalcogenides

are examples of compounds with remarkable physical properties. Not only do they

present the highest superconducting transition temperatures found for any ternary

system so far (-14K), but they also have critical magnetic fields (-600 kG) which

are by far the highest ones ever observed. This latter property has created

the main interest in these materials because they could be suitable for certain

technological applications such as the production of very high magnetic fields.

Some ot their properties are related to their unusual phonon spectrum or to the

extreme pressure sensitivity of their transition temperatures and others to the

occurrence of lattice instabilities at low temperatures which are often believed

to be closely related to superconductivity in general. Hence the additional

excitement caused by the observation that the addition of magnetic impurities

like Eu causes a large increase in the critical field. Most recently, major

interest has focussed on the magnetic behavior at low temperatures and its

influence on superconductivity including (i) the possible coexistence of super-

conductivity and magnetic order at low temperatures and (ii) the observation of

reentrant magnetism from the superconducting state back to the normal state at

low temperatures. Our own work has given the first understanding of the complex
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phenomena associated with the origin of magnetism and/or superconductivity

in these materials and appears to explain the very high upper critical fields

observed in these systems.

V. RECENT PROGRESS ACHIEVED

A. High Field Superconductivity of Chevrel Phase Comnounds

The properties of the Chevrel phase compounds, particularly SnMo6S 8 and

EuMo6S8 , are of great scientific and technological interest because of their

unusual high magnetic field properties including the enhancement of the upper

critical field Hc2 observed when Eu is added to SnMo6S8. For example, up to a

Eu concentration of 0.5, T is hardly changed with the depression occurringc

abruptly only at high concentration. This behavior is contrary to observations

on all other materials with the addition of a local magnetic moment and the

theory of Abrikosov and Gor'kov.

We have carried out self-consistent LMTO energy band calculations for

these compounds including all electrons in all 15 atoms per unit cell. As a

result of these unique studies, we have demonstrated that supercondictivity is

due to the high Mo d-band density of states at the Fermi energy resulting from

the unusual large charge transfer of Mo electrons to the chalcogens. There

is also a large charge transfer from the metal site to the cluster giving Eu

essentially no occupied conduction bands and for Eu a typically divalent isomer

shift in very good agreement with the experiments of Dunlap, et al. Furthermore,

we find, also in close agreement with their spin lattice relaxation rate

measurements, that the conduction electron density of states, and hence [JN(EF )7



is reduced by an order of magnitude from its metallic state value. This results

in a very weak coupling of the 4f electrons to the conduction electrons and hence

only a very weak Ruderman-Kittel interaction which leaves the dominant magnetic

interaction to be the weak dipole interaction surmised byRedi and Anderson.

B. Isostructural Phase Transition in fcc La and High Superconducting
Transition Temperature

Fcc La shows, at low temperature under pressure, an apparently isostructural

phase transition at -53 kbars. The importance of understanding this transition

is related to the importance of the observed high superconducting transitioi

temperature, T , and its unusually large pressure derivative, dT /dp. This

laLter observation has raised wide speculation that a new pairing mechanism

involving f electrons was operative.

We have been carrying out extensive studies, as proposed last year, of the

electronic structure and properties of fcc La at ambient and high pressures by

means of a self-consistent relativistic LAPW study of the band structure of

fcc La at three values of the lattice constant. An important feature of this

approach, especially in view of the care which is necessary when treating f

states, is that few restrictions (i.e. constraints) are built in; for example,

the charge density, and the resulting self-consistent potential, are allowed

a general (i.e., non-muffin-tin) form, and important relativistic effects ,re

included either exactly (mass-velocity and Darwin terms) or non-perturbatively

(spin-orbit interaction).



We find that the f bands lie -2-2.5 eV above the Fermi level and are

-l eV wide, resulting in a very small (0.05 electrons) localized f occupation.

Under pressure the f bands rise and broaden appreciably, resulting in only a

slight increase in f occupation. The rigid-muffin-tin approximation for the

electron-phonon interaction, X, overestimates the superconducting transition

temperature T by 40%, but we find that the drastic increase in T underC C

pressure can be attributed primarily to changes in the electronic stiffness.

Structural transitions which occur at 25 kbar and 53 kbar may be related to

changes in Fermi surface topology which we find to occur approximately at these

pressures. Indeed, the theoretically observed behavior of the bands under

pressure strongly suggests a Lifshitz-Dagens structural instability due to a

strongly d-f hybridized band crossing ZF in both pressure ranges.

C. Origin and Nature of the ci-v Phase Transition in Cerium

As discussed in our proposal last year, cerium metal has a number of

unusual but not yet well understood properties which are thought to arise from

the nature and character of its 4f electrons. These unique properties, which

include a phase diagram with at least five solid phases, the occucrence of

antiferromagnetism at low pressures and superconductivity in the high pressure

phases, havc stimulated tauch experimental and theoretical work. Theoretical

efforts have been mainly concerned with model investigations of the iso-

structural ar-y transition. This work has emphasized the local character of the

4f states while describing the band structure by relatively crude models.

We have undertaken relativistic, self-consistent linearizcd augmented

plane wave (LAPIJ) band structure calculations for fcc cerium at various values

of the lattice constant equal to or greater than that of o-cerium in order to

study the isostructural V-v phase transition which occurs under pressure
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In contradiction to the 4f electron promotional model of the transition, the

results yield essentially one 4f electron to be occupied in each phase but with

the 4f wave function somewhat less localized, and cherefore more bandlike, in

the "collapsed" a phase. A singly occupied 4f state is shown to be consistent

with the available experimental data. The weaker bonding of the 4f electrons,

compared to that of the 6s-5d valence electrons, accounts for :-cerium appearing

to have 3.5-3.7 bonding electrons. Our calculation of the superconducting

transition temperature, T , suggests that a small spin fluctuation contributionC

detrimental to superconductivity is necessary to account for the ver- low value

of T in ce-Ce.
c

D. Surface Phase transitions in V (001)

The unusual phase transition of the (001) surface of tungsten metal has

been investigated using results of our self-consistent calculation for the

tungsten (001) surface, obtained by means of our recently developed self-

consistent linearized-augmented-plane-wave (LAIV) method for thin films.

Above T c- 300K the ideal (lxl) surfaces are observed, and the reconstructed

c(2x2) and c(2.2x 2 .2) superlattices are observed for W and Mo, respectively,

below T
c

Our work has centered on the generally accepted view, which we have

developed, that instabilities in the electronic ground state with respect to

a spatially inhomogeneous perturbation are associated with sharp structure

in the electronic generalized susceptibiticy fu-ctic:.. In btH, °-stems, such

structure has been related to the existence of parallel pieces of Fermi surfaces

(nesting features) and is responsible for the occurrence of spin density waves

in chromium metal and spiral spin structures in the rare-earth metals. Using
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our self-consistent results for W(1O0) we have calculated the layer-projected

generalized $--eptibility function to detect such incipient instabilities. *.Ne

find th= -Jectronic surface states or surface resonance states near the Fermi

energy appear to drive the phase transition through a surface phonon softening

and a gapping of the two-dimensional Fermi surface. This provides, for the

first time, theoretical evidence that the phase transition may indeed be elec-

tronically driven - in agreement with the earlier proposal of P.W. Anderson

(Nobel Laureate) and Tosatti.
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Relativistic electron densities and isomer shifts in transition-metal ionsN
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Reaive isomer shifts of 3d. 4d, and 5d ions are obtained by Ca1,:u]arin of atomic electron charge densities,
using numerical Hartree-Fock and muiticontfiuranon Dtrac-Fock theor. witl' exact exchange, to describe the
ionic systems. The relativistic :alcuiation,. for bon oint and imite nuiicus moiue . are compared with results
obtame d from the nonrelattstc caiculation auzmented o t ,e-~c.ccronr fevit,, .,;, corrections. The reia-
tivi3tic charge densities and experimental isomer shifts are emplo.ed !o deduce estimates of changes in
mean square nuclear radii.

L INTRODUCTION at the nucleus are then used to estimate relative

isomer shifts. implicit in this procedure is tre

With the discovery of the Mi1ssbauer effect, it assumption that the difference in nuclear radii is
was widely recognized that the measurement of the same for the various ionic states. Usinz these

isomer shifts had great potential for becoming an calibrations, comparison with experimental iso-
important tool for the study of both nuclear and mer shifts then provides estimates of other effects
electronic properties of atoms in various en- due to the chemical environment, such as ligand
vironments.'a The isomer shift provides a mea- bonding and electron correlations.
sure of the product of the difference of mean- The isomer shift SA between a source B and an
square radii of two nuclear isomers and the dif- absorber A is given by the well-known expres-

ference in electron density in the region of the sion" ' '7

nucleus, between two isomeric atoms in different
chemical environments. Whereas these quantities SA = (2,c/3E7)Ze2[jA(0)I2 .- a(0)i2]6(r2)
are impossible to measure by themselves, iso-
mer-shift measurements coupled with independent (1)
information about either the isomeric radii or the where E, is the "v-ray energy. Z is the nuclear

electronic densities provides knowledge of the charge, eiWA(0)!
2 and e;,v5 (0)! 2 are the electron

other. Thus, in principle, a measurement of the charge densities at the nuclei of the source and
isomer shift between two ions in different en- the absorber, respectively, and ,,r:) is the change
vironments, and an accurate calculation of the in mean-square nuclear-charge radius between
electronic charge densities would allow one to isomers. For a given pair of isomers, 6,r- is
dec¢ice the change in nuclear isomeric radii. Un- constant, and i'A(0)1N - I ,(0)j 2 measures the change
fortunately, the enormous difficulties involved in in electronic charge densities as the ions are

determining theoretically either electron or nu- placed in different compounds. Implicit in this
clear densities has left the promised potential formulation are the assumptions that the elec-
largely unfulfilled. tron density is constant over the nuclear volume

In the face of the greater difficulties inherent and that the change in electronic state ( , to .,)
In the state of nuclear theory, some progress has does not affect the nuclear densities. Thus, the
been made in this field by assuming, as a first calculated values of SAB for various charce _<tates

crude approximation, that the electronic charge of the same isomers yield the dependence of iso-
difference between several ions in different cherni- mer shift on changes in atomic electron density;

cal environments may be ascribed to a change in the differences between measured and calculated
lonicity.3' 4 Thus, Hartree-Fock calculations have S,, allow one to deduce the additional effects of
been performed, on various charge states of an the chemical environment.
atoms and the resultant electron charge densities This paper reports results of a study of the rela-
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ELECTRONIC STRUCTURE. FIELD-INDUCED MAGNETIZATION DENSITY
AND NEUTRON MAGNETIC FORM FACTOR OF PALLADIUM

TJ. WATSON-YANG
Magnetic Theory Group, Department of Physics, Northwestern Universiry, Evanston. Illinois 60201, USA

B.N. HARMON
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and

AJ. FREEMAN
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The magnetic field induced magneatzation density and neutron magnetic form factor of Pd metal is obtained from an ab
niio APW energy band study of its electronic structure and properties. The magnetization consists of the spin density cal-

cuLated for states on the Fermi surface and a much smaller orbital contribution. The solid state wavefunctions are round to
yield a spatial localization of the spin densitv %,hich is greater than that of the very contracted Hartree-Fock density of
the free Pd" * ion. The theretical magnetic form factor. Ahich is dominated by the contribution of the fifth band, is found
to be in excellent agreement with the measurements of Cable, Wollan. Felcher, Brun and Hornfeldt.

1. Introduction outstanding exception. Whle theory has been success-
ful, in most cases, in yielding an adequate account of

The transition metals have been studied more ex- the energy dependent properties, it has had distinctly
tensively than have other metal groups in the periodic poorer success in explaining observed form factors be-
table. Their electronic structure and properties have cause of the greater theoretical (and compuratt:nal)
been measured using a variety of experimental meth- problem associated with treating magnetically or.iered
ods which yield both macroscopic information (e.g. systems. [in ferromagnets. one must include the ex-
magnetization. magnetic susceptibility and specific change interactions between all Bloch electrons (which
heat) and microscopic information (e.g. de Haas-van results in so-called spin polarized bands) which are
Alphen, magnetoresistance, optical reflectivity, photo- treated only approximately by spin polarized band
emission) which have been related directly to the elec- calculations and obtain the magnetization density as
tronic band structure. By contrast, there are few ex- the difference between spin-up arid spin-dawn band
periments which yield direct information about the magnetization densities each obtained as sums over all
nature of wavefunctions in these metals. The determi- occupied (spin) states.] The magnetic form factcr
nation of the neutron magnetic form factor in magnet- studies ( 1-31 have found that for the 3d transition
ically ordered systems which gives the Fourier trans- metal ferromagnets the spin densities are considerably
form of the magnetization density is perhaps the one contracted spatially and are well represented by those

t Supported by the National Science Foundation, the LS for the Hartree-Fock ions in the +2 ionization state1'~~(] Bypote cotrst the spiona densitie ooundatnon fromSA

Force Office of Scientific Research and the US Energy Re- [4j. By contrast, the spin densities obtained from
search and Development Administration under Contract bandstructure calculations yield form factors which
Nos. W-7405-eng-82 and W-31-109-eng-38. are not in as good agreement with experiment (5-81.
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Role of matrix elements in the theoretical determination of generalized susceptibilities in
metals"*

Raju P. Gupta
Magnetic Theory Group. Department of Physics. Northwestern U~nivesityrv Evanston. Illinois 60201

A. J. FreemanI
Department of Physics. Northwestern University, Evanston. Iliois 602QI

and A4rgcnne National LaboratorY. Argonne. Illinois CKA39

(Received I December 1975)

The role of matrix elements in the calculation of the generalized susceptibilities X ~ji of metals is discussed
using the results of an augmrented-plane-\have energy-band caiculation fo~r the eigen~ .iuei and eigcniunctions;
of Sc metal. The in~clusion of the oscillator strength matrix elements is touna to signiicantis alter the
structure obtained for X 4) in the constanh-marrnx-ciement approximation. The eff,%:t o'f local-field corrections
on the phonon anomaly in Sc and the obsersed rnaietic ordering of dilute rar;c-eartrt Sc allo~s are described:
in the latter case, a crude estimate of this effect IS found to rettore a (brad) peak 1- Xn at 4 0f. 0. 0. 5s/c lj.
in good agreement w.,ith experiment.

1. ENTRODUCrION ceptibilitv of the solid. i. e. , the effects due to

The generalized susceptibility function which local fields are not icluded. The zeros of iq,x)

measures the response of the system to an ex- = Reki(, .o)1 determine the pLasroon dispersion re-
ternal probe is central to the understanding of lation and cq ,') =lm o..4 is related to many

many physical phenomena in solids. Although the proper),te opiclcndu :: i dvamy anrm fteortca
calculations of these response tunctions are reflectivte 3pta odciiy n h pia
rather involved, the considerable refinement in r ectity os.fnton'(q)~eth e
the ccmputational techniques which has been Th tcrsponse function for) io0isislfo e., thre-
achieved in recent years makes accurate ab initi ipnrsteausio forfi itssbel rofleryn greatn
studies possible. The greater realization that itrs eas fiSpsil oei asn
(except perhaps for very simple metals) the true electronically driven instabilities which are mani-
response function of a real solid is quite unlike Ietda pndniy aecag-est
the frequently used free-electron Lindhard func- waves, or in structural phase transformations.

tion has led to attempts to include the real band- From-Eq. (3) wve can write down the expression

-itructure effects t' 2 into the calculations. In the for X(q):

random-phase approximation (RPA), the dynamic, Xq ~,w=0
i.e., wave-vector and frequency dependent, elec-
tron-electron dielectric function is written n, if -)12

w~ &) = 1 (i4-tre2/Slq2) Xj w) (1) Ek - Ek

where S2 is the crystal volume and =-2z n,(1 l~ ~ (~j (5)

It has been argued that due to the "nesting" fea-
- V tures, i.e., the existence of flat and parallel

'E'E - Eh*. .s-. areas of the Fermi surface, the denominator in

Xi e,, V/ 3 Eq. (5), will tend to be vanishingly small, Living
rise to a large peak in X(q) at the nesting wave

Here E, is the Bloch energy of the state k with vector. Such a largre peak in X(q) coupled with
Bloch function t,, and occupation number n,; 1, in- exchange enhancement effects in, for instance.
cludes both the band index and the wave vector paramagnetic chromium, '15 has been thought to
9 which is restricted to the first Brilluuin zone. be the main reason 'ot- drivingr the patama~rnetic
The oscillator-strength matrix element phase unstable with respect to an antiferromag-

() netic phase, and has since been used by a number
Mi~a~)=(&I e~~j (4) of workers to account for various other instabil-

imposes the restriction k'=.-+ +, where G is a ities related to Feri-surface geometry. The
reciprocal-lattice vector; wo denotes the frequency occurrence of anomalies in phonon spectra of
of the external field, and )(j wo) is the bare sus- metals has also been related in a similar way to
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'Electronic structure and properties of EuO and EuS in the molecular-cluster approximation*

E. Byrom, D. E. Ellis, and A. J. Freeman
Deparment of Physics. Northwestern Universitr. Evanston. fl1inous 60201

(Received 23 February 1976)

Mo-iular-cluster models are developed to describe ground-state properties of EuO and EuS in the Hartree-
Fock-Slater one-electron approximation. Spin-polanz'd (Eu X.) - complexes are examined using both neutral-
and iotic-modet potentials which incorporate a part of the effect of the crystalhne environment. Self-consistent
calculations are made for (EuO,) ' O- . From the charge and spin densities, the transferred hyperfine field at the
0 site in EuO is found to be -8 k 2 kG and a small solid-state bonding elTect is predicted for the neutron
magnetic form factor. The pressure dependence ohThe charge density at the Eu nucleus in EuS ts determined
as a function of bond !ength in the (EuS,)' ° - cluster and used to obtain from the experimental data an isomer-
shift calibration constant a = -04813 mm/sec. The one-electron energy levels of the lEuO.) - cluster are
found to be in good agreement with the augmenited-plane-wase resuits or Cho %hen both calculations are
performed with similar model potentials. The extension to sell-consistency leaus to significant ener;y-level
rerrantement which indicates the importance of Final-state relaxation and Coulomb correlation effects in the
interpretation of experimental spectra.

L INTRODUcI'ON of both impurity and cnergy-band models,' but no
complete theory can be said to have been found.

The europiumchalcogenides EuX L=O. S, Se, and The spin-polarized one-electron theor. has been
Te), an important class of magnetic semiconduc- quite successfully applied in interpreting ma_-,etic
tors, have magnetic ordering properties which properties, optical data, and photoemission s,ec-
vary from ferromagnetic (EuO) to antiferroma-- tra of lighter materials. notabl; the 3d metals and
netic (EuTe), and exhibit a red shift in their opti- their compounds. While the limitations of such
cal spectra with increasing magnetic order. In- a model are evident, for example, in their in-
sulators in the pure state, they become semicon- ability to predict co, ,ectlv multiplet splittirgs ob-
ducting when doped with rare-earth impurities, served, it is clearly worthwhile to investigate
and show large negative magnetoresistances near their applicability to open-shell rare-earth sys-
their transition temperatures. A review of the tems.
experimental properties and of the theoretical in- This paper describes the results of theoretical
terpretations has been given by Methfessel and molecular-cluster calculations for EuO and EuS
Mattis.' The general picture which has emerged in the Hartree-Fock-Slater (HFS) approximation.
is one of magnetic moments localized on Eu 2" ions Both model-potential and seLf-consistent studies
with a high-spin configuration (4ff)(4f1)'. These are undertaken to better understand the role of
moments are coupledby an antiferromagne:ic 180' "localized" 4f electrons in the bonding and'ma,-
superexchange interaction, acting through the X2- netic interactions of rare-earth compounds. Sev-
ligand ions, and by a ferromagnetic exchange eral ground-state properties of these systems.
which depends on the covalent mLxing of Eu 4f or- notably charge and spin densities, are used to de-
bitals with the unoccupied 5d orbitals on nearest- termine such exnerimental properties as neutron
neighbor Eu sites. Now most rare earths are tri- magnetic form factors and transferred hyperfine
valent yielding, in their respective monochalco- fields. Results for the pressure dependence of
genides, two electrons to the ligand ion, and one the electron densitv at the Eu nucleus in EuS are
to the conduction band, so that the compounds are used in conjunction with the experimental M6ss-
metallic. Added as impurities to the insulating bauer isomer-shift data of Kalvius et al.' to de-
Eu chalcogenides, rare-earth ions populate the term ne a, the isomer-shift cajibration constant,

conduction band with a fraction of their third val- for '5 tEu.
ence electrons. Since the conduction band is in- As is well known, parametrized band-structure
volved in magnetic orderinz (as shown bv the mag- models 3' " have been presented which are com.-a:,-
neto-optical red shift, and as expected from the ble with a one-electron interpretation of optical.
nature of the ferromagnetic interaction), the phe- x-ray, photoemission. and magmetic data for the
nomena associated with the magnetic phase tran- europium chalcogenides. Thus, the applicability
sition are modified and the negative magnetore- of the one-electron HFS model to the description
sistance effects are obtained. More detailed eluci- of some of these excited-state properties is also
clation of these effects has been attempted in terms tested in this work, with special attention to 4f
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Combined Fourier Transform and Discrete

Variational Method Approach to the Self-Consistent
Solution of the Electronic Band Structure Problem

within the Local Density Formalism

A. ZUNGER AND A. I FREEMAN

Department of Physics and Materials Research Center..Vorthvestern Lniversitv. Ecanston.
illinots 6020)

Abstract

This novel approach combines a discrete %ariationai treatment of all potentia tci ms arising from the su-
perposition of the spherical overiaping atomic :n-re censaies i 4th a rapidi cons ergent Fourier series rep-
resentation of all multicriter nonsphercal p,'cnt:a. "erm,. The b-i:i, et consint; ut o tie eCct numericai atomic
valence orbitals, augmented b charge .ran.cr iti~ts. iriual atomic states, and single ara.i tc Slater orbitals
for increased variational flexibility. The initial potential is a non-muffin-tin overlapping atomic potential in-
cluding nongradient local density exchange and correlation terms. Full self-consistency is obtained by a pro-
cedure that combines an iterative scheme %,ithin the superposition model Aith a self-consistent optimization
of the Fourier components of the nonspherical charge uensitt terms. Grounu-itae pro!p:, Lies sUci as structure
factors and cohesive energy are computed. The results for diamond show very good agreement with experiment.
Comparison of the results with the Hartree-Fock calculation is discussed.

1. Introduction

It is now widely recognized that energy band theory has become a powerful and so-
phisticated method for studying a wide spectrum of solid-state properties. The prolifer-
ation of energy band schemes and their application to increasingly diverse problems attests
to the current popularity of band thcor%. lncrcasinglv too, however, its very success in
describing a host of sophisticated new solid-state experiments has led to a "'tide of rising
expectations" which the various existing computational energy band schemes (such as
APW, OPW, KKR. etc.) have been hard pressed to satisfy. In addition to challenging ex-
periments performed on important materials having complex crystallographic structures.
these new experiments have demanded not only theoretical descriptions of high-resolution
eigenvalue phenomena. but also detailed and precise solid-state wave functions with which
to determine the expectation values of different observable operators. Such a demanding
test of the predictions of one-electron theory has the additional virtue in permitting. by
their comparison with experiment, accurate determinations of the relative magnitude
and importance of many-body effects in real solids.

In this paper we describe a new approach to the fully self-consistent solution of the
one-particle equations in a periodic solid within the tocal density functional formalism
[1. It is specifically designed and developed to incorporate special features with which
to overcome difficulties encountered by other methods. Specifically, as will be shown
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Band-Structure Contributions to X-Ray Emission and Absorption Spectra
and Edges in Magnesium*

Raju P. Gupta
Department of Physics and Materials Research Center, Northwestern University, Evanston, Illinois 60201

and

A. J. Freeman
Dep rtment of Physics. Northwestern University. Evanston. I'I7nois 60201, and Argonne National Laboratory.

Argonne, Illinois 60439
(Received 23 March 1976)

The soft-x-ray L.3 emission and absorption spectra of Mg metal have been determined
by means of bigh-resolution ab initio augmented-plane-wave calculations. The inclusion
of transition-matrix elements calculated from the augmented-plane-wave wave functions
changes the sharp structure found in the joint density of states, yields an L:., emission

r spectrum in good agreement with experiment, and indicates that band-structure effects
play an important role in the observed x-ray threshold shape.

Despite both intensive and extensiv :, efforts, threshold (e.g., the L.., edges of Na, Mg. and Al)
the theoretical understanding of x-ray emission or broad and rounded (e.g., the K edges of Li.
and absorption edges in metals is still a subject Be. Mg, and Al) over energies = 1 eV. Since
of controversy and disagreement mainly because these features and especially the sharply peaked
of the differing roles assigned to band-structure nature of the L,..3 edges do not seem explicable in
(one-electron) and conduction-electron-core- a one-electron theory based on the free-electron
hole, final-state interaction (many-body) effects,"2  model, many-body models were developed by
In the simple metals Li, Be. Na. Mg. and Al the Mahan' and Nozidres and de Dominicis 4 in which
shapes of the observed threshold edges 4n both the conduction-electron-core- hole i.".teractions
emission and absorption fail to exhibit the sharp play a central role. These theories predict
step-function edges expected to be characteristic threshold edges whose shapes are characterized
of free-electron metals. Instead, experimentally by threshold exponents a, (for L. edges) and a,
determined edges are either sharp and peaked at (for K edges); for photoemission the asymmetry
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Direct Correlation of Phonon Anomalies in NbC with Fermi-Surface-Induced Maxima
in Generalized Susceptibilities*

Michtle Guptat

Magnetic Theory Group, Department of Physics. North'western University, Evanston, Illinois 60201

and

A. J. Freeman
Department of Physics. Northuestern Urirersit,;. Evanston, Illinois 60201.

and Argonne National Laboratorv,, Aronne, Ilinois 60439
(Receivcd 17 February 19761

The generalized susceptibility of NbC, determined from its augmented plane wave en-
ergy band structure (with constant matrix elements', shows large maxima, arsing in
large part from Fermi surface "nesting," to eccur at prec,.selv thnc j values at which
soft modes have been found in the phonon acoustic orar nes hv Smith. These maxima
can be represented by a warped cube of dimension -1.2t2- a) in momentum space, in

striking agreement with the soft mode surface proposed by .Veber.

Long known for their remarkable properties for NC, by Weber, Bilz, and Schrdder. 3 Weber 4

such as high melting points aLJ ultrahardness, was able to show that the introduction of the su-

the transition-metal carbides and nitrides are pershell interactions, which describe the d-d

considered an important class of materials be- metal interaction, is essential for obtaining the

cause of the occurrence of high superconducting observed dips in w(q). An important result was

transition temperatures, T,. The systematic obtained oy Mostoller5 when he showed that the

neutron-scattering determinations of phonon dis- general shapes of the dispersion curves, but not

persion curves w(q) in the carbides of the transi- the phonon anomalies, could be obtained using a

tion-metal IV and V series by Smith and Gl5seri free-electron dielectric scrc:ning function and

revealed the existence of soft phonons and led to describing the electron-ion interaction in a pseu-

attempts to correlate these soft-phonon modes to dopotential representation. More recently, Sin-

the high T, values. Such a direct correlation be- ha and Harmon' were able to reproduce the longi-

tween lattice instabilities and high T,'s is becom- tudinal branches of the phonon dispersion curves

ing more accepted; an important problem is the in Nb and NbC by using a local pseudopotential

theoretical understanding of the origin of phonon- to represent the electron-ion interaction. In this

mode softening in superconductors. While rigor- work, which necessarily introduced other approx-

ous formulations of dynamical matrix theory have imations, the dielectric screening matrix .vas

been proposed, such as the work of Sinha,2 based expressed in terms of several parameters which

on the augmented plane-wave (APW) method, no were determined by fitting the calculated longi-
ab initio calculational predictions of phonon spec- tudinal modes to the experimental values. While

tra have been reported. A phenomenological noting the possible importance of structure in the

model theory utilizing the modified shell and s'.:- diagonal d-band part of the susceptibility func-

persheU model has been employed, particularly tion, Sinha and Harmon' assumed X.q) to be q in-
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ELECTRONICALLY DRIVEN PHONON ANOMALIES IN
TRANSITION METAL CARBIDES'

Michee GUPTA*
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and -Irzonne .\ationl lahoratory. ]jru'opnvu linots ooQ43y L 5.1
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Large maxima in the eeneralizcd .u epih iiii oi xiqi 4TiC 2ls:ula ted from is A-PW band trucrurc are found
to correlate ,ery well Nwith observed oii ph nMO-i trides. Such mnamma are rnot found ior HIC vhere ononon inoma-
lies are not observed.

Systematic neutron scatteriniz determinations of with the soft mode surface. procposed phenomenoloi-
phonon dispersion curves cc(q) in thle raroides of- the cailv by Wclbcr [3].
transition metal IV and V series by Smith and Gliser In this letter, we -enrort results of similar investiza-
[11 revealed the existence of soft phonons and led to tions of TaC which is isoelectronic to NbC. has a T>
'attempts to correlate these phonon anomnalies to their 10.35 K ivs I11.1 K for NbC) and also shows strong,
observed high superconducting transition temperatures. phonion anomalies. As in NbC we find large maxima
Tc. By contrast, phonon anomalies are riot observed in -<q at precisely those q values at which the soft
in low T, (<0.05 K) compound's such as HfC and ZC modes have been observYed [ II . B,. contcrast, the :aiz-
Theoretical efforts to understand Dhonon dispe_,rsion lared '\(q) for HIC ibasod on a rigid band shift of' Ej
curves of the transition metal carbides have been based in the TaC band structure)l showks no maxima and
either Qn phenomenological models [2-41 or para- hence no Phonon softening -again in agreement with
meterized theories (5,61 asib init calculations of experiment.
the dynamical matrix within a microscopic formation -~ It has long been known that the screenine of a -Liho-
are still not available. We have recently reported 7 non mode %%ith %,,ave . ector q can bne stronizh- enhancd
that a detailed ab init study of' the generalilzed Sus- by a large sc:atteriniz of the conduction elec:tons
ceptibiy, ,&q), of NbC, determined f'rom its jug'- across nesting' portions of the. Fermi surface. spanned
mented plane wave (APW) energy band structzure, by the vector q. Thus, the aener-aiicd funiction Xjq
shows large maxima arising (in part) from Fermi -ur- plays an important role in tile lattr:e dynarm.s of hoe
face "nesting", to occur at precisely those q values at system, and, under -erta!n stnrnlifving assumptions.

which minima (soft modes) have been found in the it can be shown that if \~ bec~omes large, the renornia-
phonon acoustic branches by Smith III . These maxi- lized phonon trequencies (due to electronpho n on i n-

ma can be represented by a warped cube of dimension teraction) can become small and consequently, soft
1.2 (21r/a) in momentum space, in striking agreement phonon modes (or lattice instabilities) can be expec:-

j ted. In the constant matrix element approximation,
SSupported by Air Force Office Of Scientific Research. Na- -qq) is defined as.

tionaf Science Foundation and Ener ., Research and 0evel-
opment Administration. 
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On leave from Le Centre de Niccanique Ondulatoire Appli- )(07) - (fk1 t + )!(En ~
quie du Centre National de la Recherche Scientilir ue, 23 kA~
rue du Maoc. 75019 Parts. nI. fl
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ABSTRACT

Large maxima in the generalized susce:tibility, x(q) of

NbC and TaC calculated from their APW band structures are

foun-t-o correlate ve-ry well with soft phonon modes observed

by Smith. Such maxima arp nnt: found for 7rC and HfC where

phonon anomalies are not observed.
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THEORETICAL DETERMINATIONS OF MAGNETIZATION, DENSITIES AND

NEUTRON MAGNETIC FORM FACTORS IN METALS*

A. J. Freeman
Physics Department

Northwestern University

Evanston, Illinois 60201

and

Argonne National Laboratory

Argonne, Illinois 60439

I

ABSTRACT

'Whereas a variety of experimental methods yield information which

has been related directly to -the electronic band structure, there are

few experiments which yield direct information about the nature of wave

functions in metals. Perhaps the one outstanding exception is the deter-fnt of th magealisn thens~ nteps e era rt
mination of the neutron magnetic form factor which gives the Fourier

~transform of the magnetization density. in the past few years, accurate

neutron experi-ents have shown the inadequacy of the commonly used free

atom'ion Hartree-Fock form factors. This paper describes recent advances

in high resolution energy band studies of AV. wavefunctions, magnetiza-

tion densities, and neutron form factors in metals. IllustrativE results

obtained in our Laboratory for several important transition and rare-earth

metal systems are presented and comoared with experiments carried out at

ORNL, ANL, and Ames Laboratory. Unlike the case of the ferromagnetic

metals, we find very good agreement with experiment for the paramagnetic

metals studied to date.

*Supported by the National Science Foundation, the Air Force Office of

Scientific Research' and the Energy Research and Development Administration.
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ROLE OF BAND STRUCTURE ON THE X-RAY EDGE-SHAPE IN Na.NIETAL*

R.P. GUPTA
PhiysicsfDepartment and.Materials Research Center. Vorthwesrern Lniersitv. Eianston. 11. 60201. USAI and

AJ. FREEMAN
Phiysics Department. .Vorthwestern Lnriversrvs. E~ cns:on. ill. 020!. USA

and Argonne ANarional Laborarorv, Arg'onne Ill. 60439. USA

Received 3 Septembe, 9 9'6

Marked structue found in an APW study of both the aensity of itates inrd rans;!ior. matrix elements contribut-
ing to the emission. absorption spectra of Na emphasizes the need for ncludinez band strue ture effects in all X-ray
edge analyses.

Sodium metal has been widely assumed to be the Here and Ek are. respec-tively. th-2 Bloch wkavefurnc-
prototype of a free-electron metal. because its L2. 3  tion and the BWo Ji ererscv of an electron with wA3ve
emission spectrum [I I is frec-eiectron-iike. its Fermml vector k and 'nand mnoex n. ,) and E. are the core
surface is spherical, its effective mass is nearly eq;'ual function and the core energy of the optical electron
to the free-electron mass, and its optical properties (2 p state for the L, spectrum of Na). and c :s a co)n-
are well described by a Drudo mod. Here we renort stant or proportionalit% . The integral in eq. (lI) is over
augmented plane wave I APW) band structure calcula- a constant energry surface- E E, E_ in k-space. For
tions which are consistent with the above-mentioned the emission spectrum, all the enerov states Ek. are oc-

*free electron properties of Na. but whnich produce siq- cupied and for the absorption spectrum, the states are
*nificant and qualitative deviations from the free elec- unoccupied.

tron picture of sodium's L13 absorption edge. Our Note from eq. (1I) that in the constant transition
calculations reveal marked structure in both the con- matrix element ITMEI) ap'proxtimationt. ,he intensity
duction band density of states and in the core-conouc- depends on the partial dleisity of states (DOS) because

tionban diple atrx elemrents: they indicate that of the dipole selection ruleanntonheoalDS
at least part of what had once been thouicht to be a In fie. I we show the Pa-tial DOS for Na obtained
many-body threshold anomaly at the L'V X-ray ab- from our APW calculation. The free-electron DOS is
sorption edge of Na mnay be a band structure efflcct shown in fi-4. 2 for corncna-ison. We notice tltat the
and they call into question all X-ray edze analyses APW total DOS and the partial DOS are siantficantl%
which do not account for band structure effects. different from their counterparts in the- free-electron

In the one-electron approximation the intenisitv model, especially at enerzies above the Feri enerev -

1(E) for the emission or absorption of X-ravs of ener- EF - In particular, we f -ind structure in the .- PWV DOS
gyE is gven by which is absent in the free-electron DOS. The posi-

tions of the peaks in our s and d DOS correlate ver-y
I(E) = Cfdk (cl71 ykmj2 5( - Ek+ Ec) well with those observed in the L-13 absorption spec-

k ' I(c 10 r.Fo figs. I and 2. it :s clear that only in the free-

~CfvE electron approximation xid neglecting dipoie sciec-
k kItion rules completely h ca'n syta the X-ray in-

tensity ought to be parabolic. On'e notices that the in-
Supprte bytheNSF theAFOR ad EDA.clusion of dipole selection rules, even for a free-eleL-
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Vorth western Universitv, Ev'anston. Illinois o 0201. US.-

J.D. DOW
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APW band calculations of the sott X-rav K ibsorpt~on and ernission 'nectra oi Li ire t~d o iscuss The extent to
which various conflicting theories and mneasurerrentr of absorption. em issiort. electron-enerz, -loss. and pflotoemnission
=n be reconciled.

The K X-ray emission and absorption edges of Li. possible interpretations or the K edge spectra of Li.
although intensely studied for almost half a century. Since similar calculations of the Li,3 X-ray spectra Of
remain the subject of both expcrimnenral and theoreti- Mg2 successfully described !he spectral posit ions of
cal controversy. Expe rimen tally. a concen sus has yet all the observed structures. and produced spectial
to be reach on 0i) whether the hic2h energy emission shapes in excellent semito'uantitatrve agreement with

*threshold and the low energy absorption edge are very the data (19j. we have considerable confidence in
*broad [1-4] (-0.4 eV), broad [4. -;] (-0.2 eV), or the method's ability to predict semi-quantitatively

sharp (-0.05 eV) [6]: -. ii) whether [71 or not [3] the shapes of the K emission and absorption spectra
absorption and emission edges overlap. (m)i whether o f Li.
1 2, 81 or not (3, 91 the edge breadths exhibit more The X-ray emission or absorptton intensity I(E) is
temperature dependence than a Ferni tactor. (iv) eiven in the one-electron approx~rnation by
whether the maximum of the entission spectrum is at
threshold or eV below [4. 51 10) whether [61 or I(F -3 -A5E - E, -EJ ))
not [31 the absorption spectrum has a relative maxi-

*mum --I eV above th-.shold. (vi lthe importanc:e ot vwhe re c,,Ik and E,,k are the Bloch function and energy
*- impurities in shaping the edges [5], and (vii) the quan- respectively of a conduction electron in band n with

titative shape of X-ray photoemission lines [8. 101. wavevector A: is a Is lermzn-Skillindn atomic core
Theoretically, there are still debates on the relative function of energy El, and Lnk is resirictoed to occu-
imrportances of (i) band structure erfects [ 11, 121 pied (empty) condluction states for emission I absorp-
(ii) Auger broadening, [13i, (iii) phionon broadenin2. 'Lon). We have evaluated ec. ( I) usingp eigenvalues and
[11, 141, (iv) electron-hole scattering resonances wave functions found at 25non-equivalenti points k
[16, 171 and (v) the Nuzi~res -de Dominicis many- in the fireducibe l148th portion of' the Brtllouin zone.I body effect [181. In this paper we report augmented using the accurate tetrahedron method [20. 211 This
plane wave (APM) band structure calculations for Li. method a2ires us art dai over earlier calcula1tions
and indicate the extent to which they constrain the which were limited by histogramn tcc11r'ioues. The

warped-muffin-tin version of the APW method was

* Supored y th NS (GantsDNI 720301. 7-0301. employed, permitting the potential to vary in the in-
A02, 73-07661 and 72-03026) and ihe Air Force Office of terstitial reyoio. The potential was computed assuming
Scientific Research (Grunt 76-2948). a lattice constant = 6. S97 I au. a superposition of
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Role of electronic structure on observed phonon anomalies of transition-metal carbides*
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The possble role of electronic structure on observed phonon anomalies in high-temperature superconducting
transaton.metal carbides is studied by means of accurate ab initio calculations of the conduction electron
response function. From augmented-plane-wave determinations of the electronic band structure, density of
state. and Fermi surface of NbC and TaC. the %ase- ector-dependent generalized susceptibility. Xttl iS

calculated in the constant-matnx-eiement appro-imation. For oth NbC and TaC. ki(ij has strong maxima at
precisely those i values at which soft modes %ere observed by Smith ano Gkier Maxima in X((qj are
predicted for other directions. The locus of these 4, . alues can be represented by a warped cube of
dimension - I Z(Zrr/a} in momentum space-in striking agreernent with the soit-mcde surface proposed
phenomenologically by Weber. In Nharp ,:ontrast. the kilj caitolaieci !or noth ZrC and HfC-tor which no
phonon anomalies have been obserxed-iall tT in ail s: tlotr,, itrections awa trm the zone center In
agreement with Phillips, we thus interpret",he phonon aiimalice in :I:e tranitton-m.'tal arbides as due to an
"overscreening'" effect resulting from an anomalous increase of the respense function of the conduction
electrons.

1. INTRODUCTION the occurrence of a low -temperature structural
phase transformation' (from the cubic to tetragonal

The transition-metal carbides and nitrides ot phase), or the existence of anomalous mode soften-
the transition-metal IV, V, and VI series owe ing for the nontransforming compounds. However,
their wide commercial use to their remarkable even though instability or anomalous phonon soften-
physical properties, essentially their great hard- ing in marty systems appear to be correlated with
ness and high melting points-properties usually the occurrence of a high T,, there also exist some
related to the e.istence of covalent bonds between counter examples. 5 Quantitative relations between
the metal and ligand atoms. Aside from their in- these e.perimental facts are more difficult to
teresting physical properties, the transition- draw from first-principles calculations. However,
metal carbides (and nitrides) under study are good in the existing model theories, such as the strong-
metallic conductors with conductivities comparable coupling theory,* the occurrence of soft phonon
to those of the parent transition metal. The 9 and modes reflected in the variation of the second
10 valence-electron compounds are superconduc- moment of the phonon frequency, _j7', (defined in
tors with high superconducting transition tempera- Ref. 6), does not appear to be sufficient to explain
ure T, (T,= 11.1 K for NbC, 10.35 K for TaC, and the variation of the electron-phonon coupling con-
16.8 K for NbN), while the 8 valence-electron com- stant .\ which essentially determines T .
pounds like ZrC and HfC have a low T,-5 0.05 K. Since the two physical phenomena, phonon mode
An empirical correlation between the occurrence softening and high T,, occur concomittantly in the
of high Te and the presence of phonon softening in TMC, it is very important to understand the origin
the phonon spectra of the transition-metal carbides of the phonon anomalies in these materials. In
(TMC) was pointed out by Smith and Glldser,i and this work, we examine the role played by the re-
Smith" after a systematic study of the phonon dis- sponse function of the conduction electrons in the
persion curves of the TMC by coherent inelastic occurrence of soft phonon modes, namely, we cal-
neutron scattering. Such a correlation between culated from first principles the wave-number-
phonon anomalies and high values of T. has been dependent generalized susceptibility function ,(')
also observed for a large number of I-electron in the constant-matrix-element approximation
superconducting compounds or allcys, e.a., the for the 9 and 8 valence-electron TMC: NbC, TaC,
well-known Nb-Mo system for which Powell el al.' and ZrC, HfC. We find an anomalous increase in
showed that the low-T, alloy Nb .,sMo.s (T¢ the susceptibility of the 8 valence-electron T2,IC

SO.04 K) no longer possesses any phonon anomaly. at exactly the 4 values where the anomalies in the
The A-15 superconductors like VSi and NbSn also phonon spectrum are observed experimentally.
display a correlation between high values of T, and By studying the response function along symmetry
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The generalized susceptibility, X(q), of both NbC and TaC
*determined from APW energy band calculations show large maxima to
occur at precisely those qmax values at which soft phonon modes
were observed by Smith. Iaxima in y() are predicted for other
directions. The locus of these qmax values can be represented by
a warped cube of dimension %I.2(27/a) in momentu7 coace - in striking
agreement with the soft mode surface proposed phenomenologically
by Weber. In sharp contrast, the Xtq) calculated for both ZrC
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Local Density Formalism Approach to Cohesive
Properties of Solids: Diamond. BN, and LiF

ALEX ZUNGER AND A. J. FREEMAN
Department of Phisics and Astroov. and Al atertals5 Research Center.

Northwestern University. Ecanston, illinuts 650-70. LU.S.A.

Abstract

Predictiorm at the local dcnsii iurmali,in aprox,c.n a conc-,%c c lr:~ertics ot cavaleritl banded
solids (diamond and cubic B, and praraist%.e ionic ',.-tem iLFi :dc.,:cribed u~stne resu~ts at our
recently developed fulls seIf-con~icn( r'umeric:a! '1:1 Lkt .t aiproach. Corntarisuns
with restricted Hiree - Foc results ad e\Pertrncn ;or corci Ce~c dna cuuilirium lattice
constants are presented. Same at the principal bonajine mch anims *n tnese c-stals are d~scussed
int terms af the cantributians at local exc narnac ana corratiaon to !hL' vmddrng and the c;harge re-
distribution relative ta the naninteracting atams.

1. Introduction

Despite the manifold successes of energ% band theory in describing a wkide
spectrum of solid state properties. the ab inuio determination of conesive eneriztes
and equilibrium lattice constants remains as a relatively un explored and un-
derdeveloped field of study. Thus, there has developed considerable interest tn
the application of the local density formalism (LDF) [I 121 for the study of the
ground state electronic properties of molecules and solids. Investigations of the
cohesive properties of small molecuies [3-51, metals [61, and rare-g-as solids [7]
have elucidated the possibilities of obtaining a reasonably accurate description
of binding, energies and equilibrium geometries by incorporatingz exchansze and
ci)rrelation effects directly into a one-body potential. Similar studies on com-
pounds, ionic insulators, and covalent semiconductors are beset w~ith the dif-
ficulties of having to consider the full I(nonmuffin-tin) cry stal potential and to
explicitly account for charge redistribution and h% bridization processes I b% means
of a fully self-consistent trecatijiint. Such effects cannot be conveniently treated
within the standard Augzmented Plane-W'ave \Pw) or Kohn- Korrinim-Rostoker
(KKR) techniques previously used for Such Studies.

We have recently developed [8, 91 the fulfly self-consistent numerical basis
set linear combination of atomic orbitals (LCAO) discrete variational method
(DVIM) for treating ground and excited state properties of'solds in the LDF ap-
proximation. This scheme permits the treatment of general (i.e.. analytic or
numerical) basis functions and cry,.stal potentials, and the determination of fulls'
self-consistent solutions of the LDF one-particle ea 'uations without restricting
the iterative path to a superposition of spherical charge densities [41 rar to
muffin-tin models [6, 71. We have demonstrated a rapid convergence of the
self-consistent (sc) cycle when the treatment of the full crystal charge density
is suitably apportioned between real-space and Fourier-transforined recipro-

Intern4I'anai Journal o( Quantumn Chcm,,trv Quantum Chcrnistrv S, mpuiium 1i. 539-1-46 (1977)
9 1977 by John kkilcy & Sans, Inc. 539
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Generalized electronic susceptibility and charge-density waves in 1 T-TaS2 and 1 T-TaSe2
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and Argonne National Laboratory. Argonne. Illinois 60439
(Re ived 7 July 1975)

GCemlized suscer ilites. X'CT). have been obtained for the I T polymorphs of both TS, and TaSe 2 from
their Korringa-Koh: -Rostoker band structures. Peaks are found which corresrond to the charge-density-wave
(CDW) nesting vectors found by Wilson, Di Salvo. and Mahajan and appear to confirm the role of
electrmically driven instabilities as the origin of the observed CDW in these metals.

L INTRODUCTION firm theoretical calculations of X(q-) on these ma-
terials, Wilson et sit.i and Williams et al.2 madIe

The recent discoveryl ' 2 of charge-density waves use of the augmented-plane-wave results of Matt-
(CDW) in the layered dichalcogenides has stimu- heiss7 on lT-TaS2 available to them, generated a
lated great interest in the subject of electronically Fermi surface, and interpreted the electron dif-
induced instabilities in metals first discussed in fraction and resistivity data observed for IT-TaSe,.
the pioneering work of Overhauser.3 Along with This Fermi surface is nearly two-dimensional in
spin-density waves and phase transformations, the basal plane (k, =0) with its walls parallel to
CDW are thought to be manifestations of these the rA direction.
instabilities which result from a divergence in the This paper reports results of detailed ab initio
generalized static electronic susceptibility,' X(j). studies of () for the IT polymorphs of both TaS,
In the approximation of linear-response theory,5 and TaSe2 derived from their Korringa-Kohn-
XO n)may be written Rostoker (KKR) band structuresa and full Brillouin-

x(q-) = x°q/[ -l(q-)X°(q] () ,zone Fermi surfaces. As was found earlier,' the
[' Fermi surface for both the disulfide and the di-

where I( ) is the electron-electron interaction and selenide are very similar, having cross sections
X(Q) (the bare susceptibility) is defined as which are approximately constant in planes that

Aflk k- .,( f,,.) are perpendicular to the z axis and have large sec-
xEs.;. - (2) tions which can be nested by approximately the

same wave-vector parallel to the I'M direction.

Fermi surface "nesting," i.e., the existence of However, the response function of the system
large parallel pieces of Fermi surface, leads to a contains not only information about Fermi-surface
divergence in X0(-) and possibly to a divergence in (FS) features ("nesting") but also about band-
x(q) itself, depending on the value of 1(q). structure effects fcr states just above and below the

Electron-diffraction studies"'' have revealed that Fermi energy ("volume effects"). Although pre-
the previously observed" anomalous electromag- vious discussions have emphasized FS nesting
netic properties of the group-VB layered transi- features, we find that both contribute substantially
tion-metal dichalcogenides may be related to the to the important structure found in X(q). Accurate
formation at some temperature of CDW's and their calculations of XO(4) for both systems show major
accompanying periodic lattice distortions. This peaks to occur at those 4 values corresponding to
anomalous behavior has been associated with a the CDW vectors found by Wilson et aL.' The theo-
nearly two-dimensional Fermi surface supporting retically obtained maxima in xo(j) appear to pro-
a CDW formation which, in turn, introduces a vide a detailed confirmation of the role of elec-
periodic lattice distortion generally incommensu- tronically driven instabilities as the origin of the
rate with the lattice.' The amplitude of these in- observed CDW in these metals.
commensurate waves grows from a high-tempera-
ture (below 550 K in IT-TaSe,) down as far as the
first-order transition temperature which repre- II. BAND STRUCTURE AND FERMI SURFACE
sents the point of conversion (or "lock-in") to a The energy-band structure of both IT-TaS. and
ccmmensurate geometry.2 In the absence of any IT-TaSe2 , determined by the KKR method in the

is 885



PHYSICAL REVIEW B VOLUME 15. NUNtBER 10 1S MAY 1977

Self-consistent numerical-basis-set linear-combination-of-atomic-orbitals model
for the study of solids in the local density formalism

Alex Zunger and A. J. Freeman
Physics Depanment and Materials Research Center. Northwestern University. Evanston. Illinois 60201

(Received 26 July 1976)

A new approach to the fully self-consistent solution of the one-particle equations in a periodic solid within the
Hoheaberg-Kohn-Sham local-density-functional formalism is presented. The method is based on systematic
eatensions of non-self-consistent real-space techniques of Ellis. Painter, and collaborators and the self-
consistent reciprocal-space methodologies of Chancy. Lin. Lafon, and co-workers. Specifically, our approach
combines a discrete variational treatment of all potential terms kCoulomb. exchange, and correlation) ansing
from the superposition of spherical atomiclike overlapping charge densities, with a rapidly convergent three-
dimesonal Fourier series representation of all the multicenter potential terms that are not expressible by a
superposition model. The bas-s set consists of the exact numerical alence orbitals obtained from a direct
solution of the local-density atomic one-particle equations and ifor increased %anational freedom) virtual
numerical atomic orbitals, charge-transfer (ion-pair orbitals, and "free" Slater one-site func-ions. The initial
crystal potential consists of a non-muffln-tin superposition potential. inciud;ng ncngradient free-electron
correlation terms calculated beyond the random-phase aDpre ,rna,:on. The u ua: multicenter integrations
encountered in the linear-combination-of-atomic-orbitals iight-hindinz formalism are avoided by calculating all
the Hamiltonian and other matrix elements between Bloch states by three-,imen aonal numerical Diophantine
inteegration. In the first stage of self-consistency, the atomic superposition potential and the corresponding
numerical basis orbitals are modified simultaneousiy and non,:,iery by ar'ing (iteratively) the atomic
occupation numbers (on the bas's of computed Bnllouin-zone aeraged band populations) so as to minimize
the deviation, Ap- ;. between "he band charge density and the superposition charge density. This step
produces the -best atomic corfiguration within the superposition model for the crstal charge density and
tends to remove all the Nharp *'localized'* features in the function Apiri by allowinig for intra-atomic charge
redistr tion to take place. In the second stage, the three-dimensional multicenter Poisson equation associated
with lp(7) through a Fourier series representation of Ap(ri is solved and solutions of the band problem are
found using a self-consistent criterion on the Fourier coefficients of Apir. The calculated observables include
the total crystal ground-state energy, equilibrium lattice constants, electronic pressure, x-ray scattering factors,
and directional Compton profile. The efficiency and reliability of the method is illustrated by means of results
obtained for some ground-state properties of diamond; comparisons are made with the predictions of other
methods.

L INTRODUCTION particle equation characterized by a multicenter
nonspherical potential. A variety of well-known

The current popularity of energy-band theory approximations have been introduced in order to
stems from its successful application to the study reduce the complexity of the problem. For exam-
of increasingly diverse problems in solid-state pie. the various forms of orthogonalized-plane-
physics. Recent new sophisticated exo.eriments wave (OPW) techniques'-' suffer from serious con-
on both traditional materials and those having vergence difficulties when applied to solids con-
complex crystallographic structures have de- taining first-row atoms with no P states in the
manded, however, not only theoretical descrip- atomic cores. Recent studies with extended sets
tions of phenomena related to the one-electron of orthogonalized plane waves 5 have indicated er-
eigenvalue but also detailed and precise wave rors in the eigenvalues of the order of up to a few
ftinctions with which to determine the expectation volts due to poor convergence in calculations em-
values of different observable operators. Such a ploying several hundreds of OPW's. The muffin-
demanding test of the predictions of one-electron tin approximations applied to augmented-plane-
theory has the additional virtue in permitting, by wave (APW) calculations6' have been recently
their comparison with experiment, accurate de- criticized as introducing errors of up to a rydberg
terminations of the relative magnitude and impor- in the potential in diamond" and other covalent
tance of many-body effects in real solids. Thus, structures, " and overestimating the bindui ener-
there has developed considerable interest in ap- gy in some covalently bonded molecules by as
plying the Hohenberg- Kohn-Sham t', local-density- much as (100-300). Recent LCAO (linear orbit-
functional (LDF) formalism to the investigation of als)-type calculationsi - " have overcome the diffi-
various ground- state prope rties of solids, despite cultv of treating non- muffin- tin potentials and have
the usual difficulties of solving the associated one- demonstrated that efficient convergence with respect
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Ground-state electronic properties of diamond in the local-density formalism*
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We use our previously reported method for solving self-consistently the local-density one-particle equations in
a numcricalbasts-set linear combination of atomic orb:tals expansion to study the ground-state charge density.
Z-y structure factors, directional Compton profile, total energy, cohesive energy, equtlibnum lattice constant.
md behavior of one-electron properties under pressure of diamond. Good agreement is obtained with available
experiment data. The results are compared with those obtained by the restncted Hanree-Fock model the
role of electron exchange and correlation on the binding mechanism, the charge density, and the momentum
d=&4z is discussed.

L INTRODUCTION a three-dimensional Diophantine integration
scheme.

The local density functional (LDF) formalism The purpose of this paper is to illustrate the ap-
of Hohenberg, Kohn, and Sham." ' and its recent plicability of our method to real systems by
extension as a local spin-density functional formal- studving the ground-state electronic propert:es of
ism,3 form the basis of a new approach to the studv of diamond. Diarond has been long considered as
electronic structure in that the effects of exchange a prototype for covalently bonded insulators-' and
and correlation are incorporated directly into a a great deal of experimental work has been done
charge-density-dependent pntential term that is on its ground-state properties, icluding co-
determined self-consistentlv fr,m the solution of hensive energy , lattice- constant studies . x- ray
an effective one-particle PrTu.i:on. Applications of scatterinz factors.-'" charge densit. '3 and di-
the LDF formalism to atomns ",and molecules' have rectional Campton profile.""' In addition,
yielded encouraging results. Similar applications theoretical studies on its ground-state properties
for solids are complicated by () the need to con- within the restricted Hartree-Fock RHF) model
sider both the short- range and the long-range are available 2z -'3 so comparison with the predic-
multicenter crystal potential having nonspherical tions of the LDF formalism is possible. Although
components, (ii) the difficulties in obtaining full the eigenvalue specl'unh (band structure) of the
self-consistency in a periodic system, and (iii) local exchange Hamiltonian for diamond has been
the need to provide a basis set with sufficient studied previously by a variety of first-principles
variational flexibility. Hence, theoretical studies techniques [augmente i planes waves (APW),- " 7

of ground-state electronic properties of solids orthogonalized plane waves (OPW),5- 30 pseudo-
in the LDF formalism have been mainly limited to potential OPW,i LCAO, 32- ' and cellular meth-
muffin-tin models for the potential,'" non-self- ods"], the ground-state obser-ables related
consistent schemes,' treatments of simplified to the ground-state crystal charge density have
jellium models or spherical cellular schemes. .12 received much less attention. While our method

We have recently proposed'" 4 a general self- was shown" to accurately reproduce the band
consistent method for solving the LDF formalism structure oi diamond as obtained by other tech-
one-particle equation for realistic solids using a niques' 2 '3 (when correlation and self- consistency
numerical-basis-set LCAO (linear combination of is omitted so as to be compatible with t-, ore-
atomic orbitals) expansion and retaining all non- viously published band-structure models and the
spherical parts of the crystal potential. We have full nonspherical components of the potential are
demonstrated a rapid convergence of the self- retained in both calc,,lations), we do not consider
consistent (SC) cycle when the treatment of the this as astringent test since the LDF formasm
full crystal charge density is suitably apportioned in its "standard" form does not make any claim
between real-space and Fourier-transformed on the physical significance of the band eigen-
reciprocal-space parts and have indicated the values nor are these ei,envalues sensitive enougzh
large degree of variational flexibilty offered by to the details of the basis set.and o.otential.36 In
a nonlinearly optimized (exact) numerical atomic- what follows we present our results for the x-ray
like basis set. We have shown that all multi- scattering factors, charge density, directional
center interactions as well as the nonconstant parts Compton profile, total energy, and equilibrium
of the crystal potential are efficiently treated by lattice constant and discuss the role of exchange
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electronic structure and properties of TiSt

Alex Zunger
Physic Department and Materials Research Center. Northwestern University. Evanston. Illinous 60201

A. J. Freeman 9
Phyzic Department and Materials Research Center. Northwestern Urnvers tv. Evanston. Illinois 60201

and Argonne National Laboratory. Argonne, lllinots 60439
(Received 28 January 1977)

A uIlly.self-consistent numerical-basis-set linear-combination-of-aiomic.orbitals calculation of the electronic
structure of TiS2 is reported using the method described previously. The calculated band structure differs
considerably from those previously obtained by non-self-consistent mu:fin-in models. Comparison with
experiment shows that the calculated optical properties for energies helow 16 eV and the vanous
charactenstics of the valence and conduction bands agree '.ery well with opticai-absorption and tlectron-
imergy.loss data as well as with photoemission, x-ray absorption, and appearance-potential spectra. A small
indirect gap (0.2-0.3 eV) occurs at the points M and L in the Brtiloun ion, '%ith a larger direct gap 0 8
ev) at r. We suggest that the characteristic Nemi-mctalh,: large g valuc obsersed experimentally onginates
from a near coincidence of the band gap with the enhanced spin-orbit splitting which is consistent with the
soft-x-ray data and our band model The bonding mechanism in TiS. is dlscusea in detail: it is snown by a
direct calculation of the self-consistent charge density and the transverse efTectie charge that the system is
predominantly covalent with small static ionic character and larze d.namtc tonicity In contrast with muffin-
tin Xa models, the bonding is found to be largely due to Ti 4 s4 p to S 3p boncs and a much weaker Ti 3d to
S 3p bond. The effects of mutfin-tin approximation and self-consistency are discussed in detail. Extrapolation
of these results to the case of TiSe, is made and the possibie origin of its charge-density wave is discussed.

L INTRODUCTION rameters chosen to fit these observed optical
transitions yields (a) a valence-band width about a

The renewed experimental and theoretical inter- factor of 2 too small (relative to the x-ray photo-
est in the layered transition-metal dichalcogenides emission data 3- t ) and (b) a similar underestima-
has brought about in the last few years much great- tion of the d-conduction-band width (compared with
er understanding of their unusual anisotropic opti- the observed appearance-potential spectra"-). Sim-
cal and transport properties,' and, more recently, ilar contradictions occur in the various one-elec-
those properties associated with the observation of tron models derived to explain absorption mech-
charge-density wasin some of theZc s -!smns in TiS,: while the semiempirical (optical
Perhaps an outstanding exception is 1T-TiS. for data) model of Murray etal . ' suggests the occur-
which the available information is still in a state rence of a nonoverlapping metal d band in the gap
of flux and conflict. For example, while optical formed between the bonding and antibonding metal-
experiments 3 have suggested that TiS, is a semi- nonmetal s-p bands (a-o" gap), the crystal-field
conductor with a gap of about 1-2 eV, recent tem- model of Husiman etal.,'" suggests that the metal
perature-dependent resistivity measurements on d band appears in the valence-band continuum. By
high-purity stoichiometric samples . demonstrated contrast, x-ray photoemission of Williams and
a semimetallic behavior and a remarkable temper- Shepherd' places the lower part of the d band in
ature-dependent electrical resistivity proportional partial overlap with the valence band, while a sec-
to T 2 from at least 10-400 K. Similarly, the theo- ond component of this band appears in the antibond-
retical description has had its difficulties. An ing a* region.
early non-self-consistent Korringa-Kohn-Rostoker In this paper, we present the results of an ab
(KKR) calculation in the muffin-tin (MT) approxi- initio theoretical study of the electronic properties
matione showed a fundamental gap of 2.0 eV at r of TiS . using our self-consistent numerical-basis-
and a smaller indirect gap of 1.4 eV between r and set linear-combination-of-atomic-orbitals (LCAO)
L. Further, while some of the calculated inter- method." i3 This method uses an accurate non-
band transition energies in the MT-KKR model linearly optimized (exact) atomic basis set for all
could be reconciled with the observed data only core, valence, and some virtual states of the atoms
after a rigid shift of about 1.4 eV was introduced appearing in the unit cell. All interaction and over-
in the theoretical transition energies, an empirical lap integrals are evaluated accurately using a
non-self-consistent tight-binding model' a with pa- three-dimensional numerical Diophantine integra-
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ELECTRONIC STRUCTURE AND PROPERTIES OF THE ACTINIDES*

A. J. FREEMAN
Physics Department. Northwestern University. Evanston. Illinois 60201. USA. and Argonne National Laboratory.
Argonne, Illinois 60439. USA

and I
I

D. D. KOELLING
Argonne National Laboratory. Argonne. Illinois 60439. USA

(Invited paper)

We review the present state of understanding of the electronic structure and physical properties of actinide metals and
intermetallic compounds as derived from relatiistic APW energy hand studies of some of the light ITh. L. Np. and flul and
heavy (Am. Bk. and Cml metals, the intermetallic, L Rh, and L lr, and NaCI .ructure compounds such as) UC. Emhai, -,

placed on the importance of Coulomb correlation and the role of actinide-ctinide separation in determining the itirneranc,

(as in the light me'als) or localization (as in the heavy metal, of the 5f eletron, ind in turn their resulting magnetic .nd ,)[Ier
properties. The UX, systems considered are significant because the uranium ites are s.t-iciently separated to fall in the local
moment f orbital range of the Hill superconducti, vimagretism thot but show ro magnetic ordering. Comparisons to recent
optical. de Haas-van Alphen and other data are green %,hen Aaiiahle The contrt.sting cases of the transition and rare-earin
systems make it clear that the 51 electrons are a unique species which offer exciting challenges to both experimentaiists and
theorists.

1. Introduction tered intensive theoretical study of the basic
phenomena and have given rise to a more unified

The last two decades have witnessed remarka- understanding of their electronic properties i j.
ble advances in our understanding of the elec- That the actinides enjoy their own unique
tronic structure and properties of a wide range of position among the elements. arises from an
materials. Sparked by the introduction and use of unusual set of circumstances. In the transition
highly sophisticated experimental techniques. a metals the s and d valence electrons form the
mass of experimental knowledge has emerged conduction bands which are responsible for their
which challenged previous (and oftentimes simp- electric, magnetic, and oticai properties. The
lified) theoretical models and brought about a rare-earths are unique in that their 4f electrons
more unified view of electronic structure and are so highly localized that whereas they deter-
behavior. First the noble metals, then the impor- mine the various exotic magnetic structures and
tant transition metals and their compounds and. properties of their metals, they have little effect
most recently, the rare-earths have each enjoyed on other chemical and physical behavior which
a period of research which resulted in a high arises from the transition metal-like structure of
degree of sophisticated understanding previously their 5d and 6s valence electrons. The 5f elec-
thought unlikely. Such a period has only recently trons in the actinide elements are not as well
amved for actinide research-called. for many localized as the 4f's in the rare-ear'hs and have
reasons and only somewhat euphemistically. the energies which are close to those of :.ie 6d and 7s
"last frontier" in the study of the electronic electrons. This produces the unusual condition
structure of materials. Until recently. the difficul- of a strong "competition" in actinide solids be-
ties of obtaining samples of sufficient purity and tween the 5f electrons and the 6d and 7s elec-
overcoming problems associated with their trons in determining their electronic structure

radioactive nature h,.,e resulted in slow progress and properties. The contrast between the results
and limited understanding. In the last decade the on the actinides and. those on transition and
more intensive experimental efforts have fos- rare-earth metals makes clear that the 5f elec-

* Supported by the National Science Foundation. the Air trons are a species of their own [I]. with interest-
Force Office of Scientific Research and the U S. Energy ing and complex properties that present great

Research and Development Administration. theoretical challenges.
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Ground- and excited-state properties of LiF in the local-density formalism*

Alex Zunger
Department of Physics and.Astronomy, and :he Materials Research Center.

Vonthwesten Univerpty. Evanston, Illinois 60201

A. j. Freeman
Department of Physics and Astronomy. .Vorithwestern University. Evanston. Illinois 60201

and Argonne ationtai Laboratory. Argonne t'in cis 603439

(Received 2 May 1977)

The band structure, charge density. x-ray scattening factor (and their behavior under pressure),
eqtudibnium lattice constant, and cohesive eneray of the prototvpe ionic solid LiF were determined using our
recently developed seif-consistent numertcal basis set (non-muftin-tint linear-comeiination-of-atomic-orbitals
method~within the local-density formalism (LDF) The details of 'he honaing and the effects of exchange and
correlation on the electronic structure are discussed with reference to the cnn cntionai picture of ionic
bonding. Remarkably good agreement is found - iif the onverved Iaia for the eroortu-state properties of the
systemn. Contrary to the results of previous nand rtudie%. the .>nsentionai hand-tructure approach to
excitation energies (i.e.. identifying them with :he band tinierisalue .i'1ferenceo iIs toilnd to I-ail compietely in
accounting for the observed data in the entire ,-rai% anu otica cta re,oin wnIen fulyN scif-consisient
solutions of the LDF one-particle equation with no furtn,!r arprosimation to tbe c:rystal potential are
obtained. It is found that in the presence of so5me spatial 1ocaiizaiiti of- the initial or hir3 crvstal states, the
spurious self-interaction terms, as well as the poiarzation and orbital relaxation 'eit-energy etffects are of a
similar order of magnitude as the Koopmarts'-ik nttrband terms. In oruer to treat tnese etfects wi:hin the
LDF self-consistzrntly, we describe the excitation pro cesses as ,-ansitions invols ing pint -Jefect -like states in
the solid calculated by a supercell method in whhch te xcttat:cn enervtes arec dete!rminied as tozt-enersiy
differences between (separately calculated) excited- and zrnunu-sztic contizuratos. The excited state is
represented as a superlattice of locally exciied sites usirne iarze '5-s aj, to I-O1 Mit ceiLcai

containting a single excited site. We ind. in the seif-consistencv limit, that a intaii but finite degree of
spatial localization of the excited states exists even for valence excitations, inducing thtereby self-interacion
as well as self-eniergy relaxation and polanzauion etfects The LDF model is found to account very weid for
both interband and exciton transitions over the entire spectral region i :l-9 eV) andc to yield defintte
predictions regarding the exciton bandwidths and senies limits

L INTRODUCTION the determination of iullv self-consistent solutions
of the LDF one-particle equation without restrict-

The study of the ground-state electronic prop- ing the iterative --ith to muffin-tin charge densi-
erties of molecules and solids in the local-density ties- or to superposition models. Applications
formalism (LDFYiJ has recently attracted con- of this apnproach include the stuci; of the giround-
siderable attention. Investiglations of the cohesive state propert,.es ci dtamond. boron nitrid(-.A
properties of small molecuies," metals.,'~ and titanium disulfide,:' cadn,1 ai sulohid. and Li.Al.
rare-gas solids' have elucidated the possibtilltes The present studv extend .s our treatment to ionic
of obtaining a reasonably accurate description of solids, for which LiF has beer. chos5en as a 7-c
binding energies and equilibrium geometries by type. We first consider- the description of ground-
incorporating exchange and correlation effects di- state properties of the system, such as the band
rectly into a one- body potential. Similar studies structure, charge density, x-ray scattering fac-
on compounds, ionic insulators, and covalent tors. cohesive energy, equilibrium lattice con-
semiconductors are beset with the difficulties of stant, and behavior uonder pressure. and compare
having to consider the full (non-muffin-tin) crystal the predictions of the LDF model with both e.%Deri-
potential and to explicitly account for chartge redis- mental data and with available restricted Hartree-
tribution and hybridization processes by means of Fock (HF) results.i; We then consider the excitod-
a fully sell-consistent treatment. We have recently state properties of the system by first using the
developed""'i the fully self-consistent numerical- standard band approach to excitation energies
basis-set linear combination of atomic orbitals (i.e.. viewing them as differences in the band
(LCAO) discrete vartational method. This scheme riqenrabies between unoccupied and occupied
permits the treatment of general (analytic or nu- bands). Contrary to what has oeen previuusiv
merical) basis functions and crystal potentials a-nd sugzgested,i-ii we find that, whereas this approach

16 12901



Theoretical uexermlnallUti ul U1

A. J. Freeman

Physics Department. Northwestern University. Evanston. i. 60201, USA

Rceioed August 20. 1976

Abstract great promise for more rapid progress to be made in the future, and
hence, one can therefore be somewhat more optimistic about

Theoretical determinations of spin densities. A. . Freeman (Physics Depart- hen de gtee of the ora s ort that ca re p ided.

ment. Northwestern University. Evanston. II. (0201, USA). the degee of theoretical support that can be provided.

Physica Scripta (Sweden) 15, 80-91. 1977.

This paper describes and discusses some aspects of the present status of
theoretical determinations of spin iania charge; ciensticis in atoms. rroiecuiar 2. Free at-ns, ions: relativistic Dirac-Fock studies
clusters.and solids. SeleceC resuits of recentlv cornpltc Calculations are used
to illustrate "state of the art" methodology and accomrhhments. As has been the case for some time, theory is in good shape for

treating free atoms and ions, tharks to the highly successful
self-consistent-field models. The newest results, dealing: %kth

1. Intoduction isomer shifts, isotope shifts, core polarization and neutron
macnetic form factors have been obtained from fully reiatr:iszic

In this paper, [ will review several s.spects of the present status Dirac-Fock (DF) calculations. Here v.,e can mention oniv some
of theoretical determinations of spin (and charge) densities, ob-
viously of high interest to the Conference, by means of examples examples of this work. Free atom resuits are particu!ariy usefulvicforl oomfe matega intres toht the Confeence by rnulat ons, of ie
which will gie a flaor of recent deelopments in atoms. molecu- for complex materials for which oh ;niio calculations. o ine

lar clusters and solids. Because of space limitations and for sound molecular cluster and solid state types to be described, later are
pedagogical reasons, the examples given will be limited to those clearly impossible.

investigations which have been carried out in my group. A more
detailed description of theoretical methods and results is given 2.1. Relativistic restricted Dirac-Fock results

elsewhere [1]. Emphasis will be placed on neutron magnetic form Recent efforts in obtaining accurate free ion chargze densities
factor studies as these give directly, through the Fourier trans- have centered on calculations using numerical Hartree-Fock or
form, the magnetization densities. On the other hand, hyperfine Dirac-Fock theories wvith exact exchangei or their approximate
interaction measurements, which provide information about counterparts. Hartree -Fock-Slater and Dirac-Fock-Slater theo-
both charge -d spin distributions, should not be overlooked by ries (w hen the Slater free-electron exchange is used). A systematic
the active researcher. study of relativistic electron densities and isomer shifts in 3d.

For this discussion, it is convenient to %%rite the charge density 4d. and 5d ions has been made recentiy [21 using the numerical
eQ(r) and spin density .s(r) self-consistent field program of Desciaux [3). Both multicon-

figuration D-F (for both point and finite nuclei) and H-F
(r)- (r) t - e(r) calculations of the chances in niO) were performed (ith A. r-,

.(r) "-st)-,2s&(r) (1) assumed constant) for each set of ions, thus obtaining relative
values of the isomer shift S.1 in a consistent approximation.

where Qc(r) and ,,,,(r) are respectively the charge and soin They then comoared S, values with experimental isomer shifts
desity for an electron of given spin orientation, ¢( - or ,). For in order to separate the nuwrelativistic and relativistic atomic
generality, I have written 9.5 (r)-- 5 r) although if a single contributions to the isomer shift from those contributions due
calculation were done, then the equality would hold. As is well to the chemical environment. In each of the .uses considered,
known unlike the case of neutrons or X-rays, the limitation of these workers [21 calculated the ionic ground states. For the
the hyperfine measurements as a probe is that they measure the Hartree-Fock problem, this was the single-configuration
value of e, and g, only at one point, namely, at the position of Hund's rule ground state in Russell-Saunders coupling. Hok-
the nucleus: the isomer shift measures the total charge density at ever, the relativistic single particle wvaefunctions are emigenfunc-
the nucleus, Q(o); for a magnetic hvpertine measurement in which tions of the total angular momentum, but not of the ,eparate
core polarization effects are dominant, the relevant quantity is spin and orbital angular momenta; thus. the Dirac-Fock calcuta-
.the net spin density at the nucleus. tions are performed in /j- coupling. However, the total wave-

The state of theory will be the subject of the remainder of my function is not a single j -j configuration but rather a linear
talk. Because of its great success in explaining a variety of combination of j -j configurations of total angular momentum
phenomena in solids, there arose great unrealistic expectations J-L- S. This multiconfiguration Dirac-Fock %,,a.efunction
that theory could and would give detailed answers to the ques- formally approximates as closely as possible the iL - S) Hartree-
tions raised by the experimentalists. Instead, progress has been Fock vvavefunction.
slow because of the difficulties inherent in treating an inter- Dirac-Fock calculations have been performed by Desc!aux
acting many-body system which cannot be solved selectively and Freeman (4] for the divalent and trivalent ions of the
for the particular information needed by the experimentalist rare-earths. The importance of relativistic effects in the rate-
Fortunately, a number of developments in the last five years show earths has been demonstrated in a dramatic way by means of
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Electronic structure and lattice instability of metallic VO'0t

Michile Gupta* and A. J Freeman
ftyuz Department and Materials Researcn Center, Vorthwe'tern L niver~av E-anrscn. Illnois 60201

and 4rgonne .Vononai Laboratory. .Argonne, 1!1;roi3 6i)439

D. E. Ellis
Physia Ditanment and Chemistry Department, Northwe'stern University, Evanston. Illinois 6020)

(Received 6 June 1977)#

A first-principles energy-band study of the metallic rutile phase of V0, usine a zeneral cryvstal potential
and an expansion of the Bloch functions in a linear combmnation otf atomic oroirais is reported. The results
am compared with previous work and experimental optical. x-ray absorption and emission. and x-ray
photoelectron spectroscopy data. We obtain a larize density of states at the Fermi energy: the Fermi surf -ace
is found to be determined by the two owsJ banucs. at :he Dcttom -)t the *t_," manifold which is split by
the orthorhomrbic field, the lowest-band Fermi surface 'es~e ome nesting reatures corresponding to a
nesting vector 4= rR .- calculation of the generaiizea Lsccrnbioi% :n thie :snstanr-matnix-e~ement
aproximation shows the existence of a maximum at the zone Doundar-7 R We -zgesi that the formation ot
a chArge-density wave with wave sen~ior = F R a unpn-uh a vc:': .t:~dstortion is thus nossible.
Lhe subse-ent condensation of phonoins at the point R :,),:id then exp'ia,n 7he ur~stailoizrapnic phase
trnsmtzon observed at T =339 K~

L INTRODUCTIO.N electrons may now he trapped in homoooir
bonds.' This picture has been also useful in ac-

Vanadium diotmde undercyoes a crvstalloc-raphic courttinc- for somne toatures of the maiznetic bie-
phase transformation at T-= 33 9 . I K from thte navior" of the alloy %.,-, Nb 0, with 0 .5.
monoclinic distorted rut.tle structure to the tetra-
gonal rutile structure whicti ts accompanied bv an4 Electronic structure mnodels
abrupt jump in the metallic conductivity" - from
10O' to 10' (P cm)Y' and a ump in the ria ,etic These structural neculiarities led Goodenougzh
susceptibility' [from 6.5 K 10-5 to 6.7 x 10- emu to, propose a modtel of the electronic structure
mole). This semniconductor to metallc tihse which can exnlain some oroperties of the metallic
transformation has been studied very extensivelv and semniconducting_ phases. This model is based
both experimentally and theoretically. 'UnLike on molecular orbital theory in conmunction with
VAQ and other transition -metal compounds known cr,.'stal field and chemical bonding, ideas. In the

as *ott-bbdinuaos whi show antiter- metallic state. the interactton of cations along_ the
romagnetic orderintg in the low-temperature phase. c a-xis qives rise to a narrow d band which ts
V02 remains paramag-netic below T, and no long- overlapped by a wider :*band formied by antibond-
range maenetic order is observed either in mai_- ing vanadium d and x'v;gen p- states. 'ithe low-
netic susceptibilitv.' M6ssbauer.' or nuclear-mag- temperature phase. the cr,.'stal distortion is
netic-resonance experiments. The semiconducting t houzht to be responsible for three effects: I) the
monad~iic phase of VO, is characterized by, :, 'r band rises avove rhe Fermit level due to a
pairirg of the vinadium atoms along the c axis re- stronger vanadium 3-nxvgen p_ interaction- re-
suiting in a doubling. of the unit-cell size: alonz7 the suiting- from the shorteningz of the distance of the
c as one finds alternatively short and long_ metal- vanadium to one ox-'en atom. ii) the d band
metal distancesil; at the same time, each vana- splits due to the pairing of V atomis alone; the
dium "pair" is tilted with respect to the c aids, as; (iii) the lowest part of the d band is filled
the vranadium atoms being no long-er at the center and separated by a small gap from the upper part.
of the distorted Lizand octahedron. It is also worth thereby accounting_ for the semiconducting prop-
noting the large further distortion of the octahedral erties of the compuound.
geometry in the low-temperature phase, with an The essential features of the elec'ronic struc-
important shortening of some of the V-0 bonds.' ture of the nmetallic phase of VO, pruoosed by
This pairing of the vanadium atomis can explain the Goodenoughii have been confirmed by the band-
lack of localized morrents and account for the rnaz- structure calculation of Caruthers eta!.2" usin-g
netic properties and possibly' somne of the electri- the combined augmriented -plane -wave -Lnear - om -
cal properties of the semzconducting- phase, as the bination-of -atomiic -orbitals kAPW-LCAO) tnter-
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Electronic Structure and Reentrant Magnetism in Superconducting ErRh,, B4
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and
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and
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Results of ab initio self-consistent energy-band calculations on the full 18-atom/tit-
cell ternary alloys .,IRhB 1 , I1 = Y, Er and Ho) are reported and used to discuss their
superconducting and magnetic propertie s--inciudi ng the observation of reentrant mag-
netism in the normal state at T <0.9 K in ErRhB,.

The recent discoverv of reentrant magnetism ing from - 2.5 to - 12 K and noted the unexplained
(at T=0.9 K) acccmpanving a transition to a nor- switchover from magnetism to superconductivity
ral metallic state in ErRhB,, a ternary rare- in goinz from Ho to Er. The later discovery of a
earth superconductor with T_ =8.7 K, has zener- transition from superconductivity to mag'netism'
*ated considerable interest in the origin of this in the same system upon lowering the tempera-
new phenomenon. It has also raised imnortant ture of the sample was surprising. For our stud-
questions regarding our unerstaninz of rag-ne- ies we therefore chose J1=Ho and Er, and also

tism and superconductivity and the nature of their Y (which has no 4r electrons), and a T,' which is
possible coexistence. This Letter reports results almost exactly equal to that of the Lu alloy "which
of ab imtio self-consistent (SC) energy-band cal- has a full 4' shell).
culations carried out on three of these IlRh,B, The band calculations for the full 1S-atom ,unit-
systems, with Al = Er, Y (an 11.3-K superconduc- cell structures were performed seLf-consistentlv
tor), and Ho (a ferromagnet below 6.6 K), in their using the linear muffin-tin orbital (L.MTO) meth-
paramagnetic states. Very similar total and or- od and other related methods.3 The calcuiat-onai
bital (1) angular momentum decomposed atomic scheme is essentially the same as the one used
densities of states DOS) are found for the three earlier for a number of A-15 compounds' cu: ex-
systems investigated. The peak in the total DOS tended to cover also ternary systems. The
at the Fermi energy arises from the 4d states at LMTO method' is a computationallv rapid and
the Rh site and appears to be responsible for the efficient method for obtaininc insight into the ma-
superconductivity of the Y and Er systems. The jor physical aspects of energy-band structure.
lower 5d DOS at the rare-earth site could gve By using the logarithmic derivative as a parame-
rise to magnetic ordering via the 4:-5d (on the ter, the usual energy dependence of the elements
rare-earth site) Ruderman-Kittel-Kasuva-Yosida in the eigenvalue matrices can be neglected to a
(RKKY) interaction in HoRh B, (at a temperature good approximation. Moreover, by replacinz the
above its otherwise possible superconductine- Wigner-Seitz-cell integrations by integration
transition temperature T, ) and at a temperature over overlapping Wigner-Seitz spheres, the ma-
well below the oh-er,.,ed T, ' in ErRhB,. trix elements are very easily set up. All this

In this new group of tprnarv borides, MRh,B,, makes the LMTO method much more rapid than
Matthias et al. originallv reported the existence the augmented-plane-wave and Kohn-Korrinra-
of either ferroma-gnetism (,W Gd, Tb, Dy, and Rostoker methods, without much sacrifice of ac-
Ho) or superconductivity (M :Y, Nd, Sm, Th, E r, curacy.
Tm, and Lu), with transition temperatures rang- The potential contained the Hedin-Lundqvist
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CONDUCTION El Fc'rRo.N POL.\RIZ\VION, \1\;EIA1NDENSITIES AND
NEUTRON MAGNETIC FORM FACTORS IN METALS'

AJ. Freeman
Phyyics Depainent. Vorth western Unriversiry. Evansia. I1iiinuls 6020), USA~

and

AMOnne Nutional Lahoru tory. Ifinois 60439. USA

The problem of setting up "itincrant" and "locailized- descrip~ton\, of 3d. 4'f tnd 5! clectron state. m~ discus'.ed. Recent
band-heory predictions oif ct'nduc:ion-clectron polari/iton. m. nmeti7,.aton dcn'ity and the neutron nia. netic form j[ur
for vrious metal' tre d.che Cor.iri'.ons of thcors with cxpertrncnt r.Ov. good agreement. and cunuirm our iueai
on the range of validity of the enerk: -band dcs,riptwi'r.

1. Introduction teresting. om plcx and unusual Propertues

fewyeas t-1. f We had heen asked whut eltainhecirdII]
crteiaofA With the foreoini. as the stated theme of !hl sarc ihe crtri f iinerant-cectron mau -

netism" (the title of this conference). most ofu paper. I %,ill consider several is'peci, of Lho

woul hav resondd~it a dscusionin trms band model \Ahich re Important for an ~ut%voldhae rsp-,d,-J . 11 i isuoon n er , one-nartIC!e decriptin ot .ntuZ...
of the spatial extent of thek %, ave function. or (in . amn' I~-c
the case of mnaiznetc carriers) the etn~M iCSn rnktakI

of the spin density distiribution. A comiparison sonriveatuoav tti On L'wtoe ae pro Ms 1k:
between theories based on atomic Wave func- stieawu fnrnsoth aprxmt
tions (as representaive of the loca.lized limit) potential used in the calculation. s ~~ce
and free-electron "ase func,:ons as :-2presen- bnsb hmevsaeis ~l oso o
tative of the other extremne) would have been detailed explanatton. of electronicinca~iu

included. However, with the accumulation of a insldthnaetuesw rehexv nc

mass of data-on the experimental side notably t-ni nesnilelmn.Tu h n
from eutrn maneticscaterin lesjzi. v estigation ot phenomena requiring .%a-e func-

fromn neuro maheitr seattertnio manvWell e theons
and on the theoreticai side notably from energy tinfothr ecpinmawllbme v
band studies, of trainion and rare-earth metals- t sesn h ih ftesnl-at~
it became gradually recoenised that this simple moeantoudrtdigheolofmn-

pitr f iiean',r ioaie' tts~body effects in me tal'.. It is, for this rea-,ui (nat

unsatisfactory. fin recent years. a more sophisti- s o much signi~ca;nce attaiches to the rezen, ue-
cated and more correct description has been velopments in band-theory techncuuc %khich

developed which instcead focuses on the degree nowaday's allow us to make meanin0ul ano
of extcnsion or locallition in energy of -the detailed compaisons with experiment invols tag

state in question. Simply 'put. whether a 1o- the wave functions.
calied r iinernt escipton i tobe sed However. Whereas a variety of experimentalcalied o itierat decripionis t he sed methods yid information tha .t has been rtelated

depends on which of two competing terms is oteeetoi an tutr.teej-dominant-Coulomb correlation, and the effec- tond the electrimbnd swhiche re airc fnw
tive band width aiminu from the overlap of d or
f orbitals on neighbouring atoms ind their h.'- formation about the %vuC futions inmea.
hiridization with orhitalsN of differiac- ancu!.ir Perhaps, the one outstanding exception , he

momn~ui caricer.in hefn(.-redi' ce ' se determination of the neutron mauneuci, l'rni

where neither effect. can be neglected. in- tr h.Ih.Lv, h'Fuirtu~o.nktii
magnetization densty. Over the past few ca:.rs.

*Supported by the Nationail ScienLc Foundation. the Air _75 ie etonsateigexeiens's
Force Offi c of SiCII(Ific Pc,.carch and the Energy hhov~iier-the in.Id1equacy of the kcommoni'.- .:d
Rescnrch and D-clohpnient Wdmini'.iration. free atom aind free ion Hartrece-Fock form fatc-

/~ M'XRKED PROOF
THE EUROPEAN PRINTING

CORPORATION LT:).. C;UBLlN.

'5 AFR 1977



204 ELECTRON -PHONON [NTERAClONS

ELECTRONICALLY DRIVM. PH0N0N A.NCUALIES AND PHASE T RANSFCMAT Z:;S

A.J. Freeman

Department of physics and Astronomy and ",aterials Research Center,
Northwestern University, :vanstor, 'Jio 2. U.S.A., and
Argonne National Laboratory, Argone, :ilinois 60439, U.S.A.,

and

M. Gupta, H.W. Myron, J. Rath , and T.J. Waston-Ya-g,
Department of Physics and Astronc= , :.or~z,':ern University,

Evanston, Illinois 60201, U.S.A.

We have studied the possible role of eiectro.ni_ structLre on
observed rhcnon an ales and -c e - rnzf: ra-ons by means
of accurate calculat:c'Z -" -e ~:r'-- -- ~n~-- n
Y(T), for nor-'":er ..... : . . . . . -. .-
surface "lnez-.ng' f s- .C e, an: o -
called "volume -' o ,:. . . .. -"a cands orcssing
the EF) are fa'.'.Iatlns
and our recently 1e'e -- c, " '-... '..--- ... e.. arn ener y
method. Correlation=sf o c: ancmnlies
and/or the ccc,rene of ar easer -- ._n Large :naxima
in x(T) are f ._ and trcvide s.rnz evrience e=hast ihey arize
from an electr--ncall-, a-'-"--,e- in
TaS2 and a-re2, - c - - n a( ff, _- .' a- -he ozser-
ved 3 values -  

- '

and Pt Metals, a La-z-=e. ea is f: at :hat ve
along 110] for which Large Kor-. ar---lies -nve eenn
additional peak is found alonz ril.; whi'_-c' -redicts the occur-
:3nce of a Koh-i anomaly is t .s directon Cu ich is strong-
er in Pd than in P) Lar-e -:eas ' are found for
both NbC and TaC at precisely those %valu.es a: wnich. scit =c-
des were observed by S.ioh and 'Iaser. :ax a ' X(T) are ore-
dicted for other directions .e locus of *ee z:ax ,ales
can be represented by a warped cube of di'enson -1 .2 (2i/a)
in momentum space - in striki-g acreee't with the soft mode
surface proposed phencnenologioali',U by Weber. "o such ceaks
are found for ZrC and i.-iZ, for which no znon anomalies
have been observed. (4) .or the tetr.a :- 'e onase of
V02 , we find a large =axi in a-, t ,e cne bouday .
This suggests the possi.le o-_ation of a ' ;ith R. :he
subsequent condensatizn of phznons a: R ou hen exclain
"'he crystallooraphic ,ne-al to se:iocndcin ) :nase transi-
tion at T=340. Recent x-ray diffuse . .azi--- -easurenen-s
by Terauchi and Cohen of Ucrthwestern confrn tnese oredic-
tions; their results snow a lattice instacillty near the
metal-insulator transition to occur at the R point.

1. INTRODUCTION homogeneous) perturbation, emphasis has been
placed on possible ancmalous cehaviour wnIron

Recent theoretical and experimental may result from an instability in the condac
developments have called attention to the tion electron gas as a result of a di ergen
central role played by the generalized sus- in this response function. rn linear-respons
ceptibility function X(;) in the understand- theory
ing of many physical phenomena in solids.
Since XT(-) measures the response of the s- Z( ) = ,(s)/(-I()x(T)) (1)
tem to an external (generally spatially in- where I(T) is the electron-electron inter-

* Supported by the Air Force Office of Scientific Research, the National Science
Foundation (DAdR Grant Nos DMIR-72-03101-A02 and DMR 72-03019) and the United
States Energy Research and Development Admin'stration.

+ Present address : Nijmegen University, Dept. of Physics, Nijmegen, The Nether-
lands.

' 2resent address : University of Missouri, Dept. of Physics, Columbia, Missouri
65201.
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Electronic structure and proton spin-lattice relaxation in PdH

Michile Gupta* and A. J. Freeman
Depanmm of Phyjics and Astronomy and Materials Research Center. Northwestern Universtity, Evanston. Illinois 60201

and Argonne National Laboratory. .4rgonne. Illinois 60439
(Reieived 3 November 1977)

We tepot a detailed augmented-plane-wave energy-band study and wave-function analysis of stoichiometnc
PdH which shovs that, even though the Fermi surface of PdH is qualitatively similar to :hat of silver. the
simple "proton model" is not valid. Instead. the screening of the proton in PdH is found to be larger than in
an isolated H atom due. in part. to the formation of a H-Pd bonding band below the bottom of the d -band
eowpk. This result, which is in qualitative agreement with Switendick's earlier calculation, is confirmed by
ulwaviolet photoemission experments. A partial density-of-states (DOS) analysis in the energy range
spmszxd by the six valence and conduction bands reeais the quanuitative details of the bond!;g mechanism
between the Pd and H constituents. At the Fermi energy, the high Pd d to H s DOS ratio - 10.3 is found
to be far higher than expected in silver. dc-pite the fact that the Fermt- urface geometr. is similar. The
fidd-induced conduction-electron spin density at the proton site is evaluated from the wave functions at the
Fermi energy The calculated value of the spin-lattice relaxat:on rate ansing from the contact term in the
hypeelfne interaction is found to be in good agreement tth !he experimental vaiue of Wiley et aL

L INTRODUCTION - describe properly the electronic structure of tran-
sition-metal hydrides, alternative methods, like

The metal-hydrogen systems have received wide the augmented-plane-wave (APW) band-structure
attention due, in part. to the largle number of their method, have been used by Switendick and other
technical applications.! , : They are also important authors. , TheoretLcal studies have also been made
for the tests they provide ot several theories. The of nonstoichiometrto compounds. using etther the
study of the behavior of a proton in a simple metal supercell method' (with an assumed rigid order of
was started with the nioneering work of Friedel,3  the vacancies) or the virtual-crystal approxi-
and later extended by several authors.4 It is now mation.) Recently. the electronic structure of dis-
well established that the screening of a proton in ordered substoichiometric PdH. compounds has
an electron gas is not well described by linear been obtained using the average-t-matrix approxi-
screening theories, because the perturbation intro- mation,' 0 and the coherent-potential approxm-
duced by a proton is simply too strong and nonlin- mation. 1
ear screening effects are very important.' These Among the transition-metal hydrides, the PdH,
theories essentially treat the proton as an isolated system is of particular interest because (i) the
impurity in an electron gas, and are based upon a superconducting transition temperature' 2 T, in-
,sell-consistent solution of the Schr dinger equa- creases with increasing values of x (for x > 0.8) and
tion using the Hohenberg-Kohn-Shama local-den- (ii) the reverse isotope effect 3 on T. (observed
sity-functional formalism; they are expected to when H is replaced by deuterium) is a challenzina
give interesting results only for the so-called problem for both theorists and experimentalists.
"simple metals" which are known to absorb an ex- Miller and Satterthwaite" proposed a qualitative
tremely small quantity of hydrogen. While elec- explanation of (ii) based upon changes in the elec-
tron-gas models provide useful information about tronic structure which arise from differences in
variation in the screening with variation of the av- the zero-point motion amplitudes of the two iso-
erage interelectronic distance, their quantitative topes, leading to a stronger bonding of the hydro-
predictions must be treated with caution, as the gen atom (compared to D) to the palladium atom.
jellium model is recognized tobe a quite crude re- An alternative explanation, given by Ganuly,":5

presentation because even the so-called simple proposes that the anharmonicity due to a large
metals show substantial departures in their Fermi- zero-point motion amplitude of the protons leads
surface properties, etc., from that of an electron to a different electron-phonor, coupling and to a
gas. reduction of the ellectron-phonon coupirng con-

Since the transition metals like Pd can absorb stant X. when D is replaced by H. This theory as-
a large amount of hydrogen, the proton cannot be sumes that the electronic properties of PdH and
treated as a dilute impurity. Thus, for these d- PdD are identical (e.g., same density of states at
electron systems one would not expect to obtain the Fermi energy... ). The importance of anhar-
meaningful results from electron-gas theories. To monic effects in the electron-phonon interaction is
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RE-ENTRANT MAGNETISM IN RARE-EARTH SUPERCONDUCTING TERNARY COMPOUNDS *

AJ. FREEMAN
Department of Physics and Astronomy, Vorthwestern University, Evanston, IL 60201 and Ar.onne National Laboratory,
Argonne, AL 60139, U&4

T. JARLBORG
Department of Physics, Chalmers Universitv of Technology. S-402 20 Gorenburg. Sweden and Argonne National
Laboratory, Aronne. It. 60439. USA

and

T.. WATSON-YANG
Magnetic Theory Group. Department of P/i-yics and Astronomy Northwestern University, Evanston. IL 60201. USA

Superconductivity and maznetism in the new group of rare-earth ternary borides. MRh 4 B4, has been reported :ecent!y
by Matthias et al. Particularly striking has been their observatton ot re-entrant magnetism accompanving the return to a
normal state at low temperatures (T = 0.9 K) in the superconductor ErRh 4B4 which has a superconducting transition
temperature of 8.5 K. We discuss the orin of superconductivity and magnetism in these systems using results or ab initio
self-consistent LMTO energy band calculations for the alloys .M = Y, Er and Ho.

1. Introduction Ha) or superconductivity (%t = Y, Nd, Sm, Th. Er.
Tm and Lu) existed. In table I we list the transition

There has developed, in recent years, great interest temperatures of some of the rare-earth compounds.
in the electronic structure and properties of ternary We see a sharp break from magnetism T7cn) and
compounds. A key motivation has been the hope that superconductivity (T') in going from Ho to Er. Of
higher superconducting transition temperatures, Tc, considerable interest has been the later discovery (3
and higher critical field materials could be obtained, of re-entrant magnetism (at T = 0.9 K) accompan ing
For the Chevrel phiases. with general formula a transition to a normal metallic state in ErRh4 B4 . a
M_.Mo 6SS (where M is a metal and x a number near rare-earth superconductor with T, = 8.7 K; this has
1), there are a number of metallic elements which also generated considerable excitement as to the on,n
cause the compound to be superconducting. Supris- of this new phenomenon. It has also raised import-,:rt
ingly, Fischer and collaborators ( I I at Geneva and questions regarding our understanding of magnetism
Rennes found that the paramagnetic rare-earth metals and superconductivity and the nature of their possi-
also formed superconductors whereas earlier the addi- ble coexistence.
tion of paramagnetic rare-earth impurities was always In this paper, we discuss the origin of these phe-
found to lower T. Recently. Matthias et al. [2] nomena using results of ab initio self-consistent
reported that in a new group of ternary bondes. energy band calculations carried out on three of these
MRH4 B41, either ferrotnagnetism (M = Gd. Tb. Dy, MIRH 4B4 systems. with M = Er. Y (an 11.3 K super-

conductor) or Ho (a ferromagnet below 6.6 K I n
their paramagnetic states. Very similar total and

Supported by Air Force Office of Scientific Research. the
National Science Foundation and the Energy Research and orbital (1) angular momentum decomposed atomic
Development Administration. densities of states (DOS) were found for the three
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I. Introduction

113 Ch. 2 has given a review of the theory of the isomer shift and some basic fea-

114 tures of electron densities as determined theoretically for free atoms or ions.
115 In tis chapter, we describe in some detail the present state of our theoretical
123 abilities to determine electron densities in condensed matter. It is apparent at
125 once that numerous approximations have to be made to reduce a many-body,
130
131 many-center problem to a tractable form. The great variety of more or less
132 severe approximations which have been applied in reducing the many electron
135 problem has led to a literature with a rich vocabulary and confusing terminol-
146 ogy. One purpose of this review is to try to clarify the differences and similar-
148 ities between various methods, and to assess the state of theoretical and com-

ISO putational development in predicting the wavefunction-dependent properties.
152 In order to explore the range of validity of several models, we discuss a selec-
154 ted number of experimental results where comparisons can be made.
156 We begin by discussing the highly successful self-consistent-field models for
157 treating free atoms and ions. The effects of spin and symmetry restrictions on
160 the single determinant wavefunction and approximations to the Hartree-Fock160
168 exchange operator are surveyed. The importance of relativistic and finite-
170 nuclear-size phenomena for determining quantitative results for electron den-
173 sities near the nucleus is stressed.
174 Free atom/ion models have an obviouslv limited utility in molecules and
175
176 solids, due to chemical bonding and electron delocalization. Perturbed atom.
180 and finally, fully variational molecular orbital theories represent one response
196 to these limitations. It is apparent that self-consistent molecular cluster models
196 can (within a one-electron framework) represent a satisfactory generalization

of the free atom/ion scheme for localized properties. We discuss the encourag-
ing progress which has been made in recent years, and find indications that first-
principles MO calculations may soon prove to be more useful than extrapolat-
ing atomic results.

The delocalized Bloch wavefunction approach for periodic solids has now
reached a fairly high state of development, particularly for metals. We display

"or gom
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.Ab initio self-consistent study of the electronic structure and properties of cubic boron nitride*

Alex Zunger " and A. J. Freeman
Depewanmt of Physic and Astronomy, and Materrals Research Center. Norfhiwestern University. Evanston. Illinois 60201

(Received 4 May 1977)

We p aeit the reults of a first.principles fully self-consistent study of the electwnic properties of cubic
I nitride in the local-density formalism using our previously published numencal-basts-set linear
0bination of atomic orbitals scheme. The resulting band structure shows considerable disagreement with

previously published otthogonalized-plane-wave, augmented-plane-wave. and pseudopotential studies. A
detailed study of the ground-state properties of the system, such as x-ray scattenng factors, cohesive energy,
equilibrium lattice constant. and their behavior inder ?rr,'- y,olds very good agreement with 3V:.±Le:e
ipertmettal data. Keasonably good agreement is obtained for excited state properties determined by optical

and x-ray absorption measurements. The bonding charactenstics in this prototype of Il-V compounds are
discussd in detail and compared with results of our previous study of its isoelectronic homopolar analog,
diamond, and with studies on the hexagonal graphitelike modification of BN.

L INTRODUCTION and Taft 2 and Halperin and Katzir. " The spectra of
the core levels have been studied by means of x-ray

The extraordinary properties of cubic boron emission spectroscopy.14-'a The distribution of
nitride have been the subject of intense experimen- electrons in the ground state recently has been studied
tal investigations since its discovery in 1957 by by Weiss 7 by means of x-ray crystallography.
Wentorf. The simplest III-V compound, it is iso- Theoretical studies" - ' of the electronic struc-
electronic and isostructural witn diamond. Its ture of cubic BN include the work of Kleinman and
hardness matches that of diamond" while its effec- Phillips"a using a pseudopotential technique in
tive ionic charge is the highest of all known III-V which the heteropolar antisymmetric potential
compounds.' 4 Like carbon, BN crystallizes in (which vanishes in the homopolar diamond case),"
two forms, a cubic zinc-blende and an hexagonal is treated as a small perturbation on the previously
(graphite-like) structure. These properties make computed diamond potential. Hamstreet and Fong' 6

a comparative study of these compounds particu- have indicated that since the basic pseudopotential
larly Interesting. We have previously studied the cancellation in crystals like BN made up of first-
electronic properties of diamond s 'a in the local- row atoms is incomplete due to the lack of p char-
density formalism (LDF)7 ,1 using our first-prin- acter in the core states, a nonlocal correction to
ciples self-consistent numerical-basis-set linear the pseudopotential is necessary. Adjusting em-
combination of atomic orbitals (LCAO) method.- '0' pirically their local and nonlocal pseudopotential
In particular, we have investigated the band struc- parameters, they obtained a band structure that
t re, charge distribution (as measured by x-ray differs substantially from that of Kleinman and
scattering factors), cohesive energy, equilibrium Phillips.." Ina subsequent orthogonalized-plane-
lattice constant, behavior under pressure, and wave (OPW) study, Bassani and Yoshimine' have
the bonding characteristics induced by the various similarly faced a plane-wave convergence difficul-
electron exchange and correlation potentials per- ty due to the lack of pseudopotential cancellation
taining to the local-density formalism. In this for crystal states having p symmetry. (Their
study, we extend our investigation to the isoelec- model employs atomic Hartree-Fock charge :,en-
tronic cubic boron nitride in an attempt both to sities to represent the crystalline density and the
understand the electronic structure features in the crystal exchange potential is linearized with re-
heteropolar zinc-blende system and to test further spect to the single-site potentials). Wiff and Ke-
the applicability of the LDF to quantitative de- own 23 and Keown2' have calculated the band struc-
scriptions of covalent-ionic systems. ture of BN using the augmented-plane-wave (APW)

The crystal structure of cubic boron nitride has method with a muffin-tin crystal potential in which
been established by Wentorf' (lattice constant a the boron and nitrogen potentials were obtained by
=3.615 *0.001 A at 25 'C). Its optical properties linearly scaling the carbon potential and adding a
in the infrared region have been studied by Gielisse constant Madelung term (with effective charze
et al.'andrecentlybyChrenko"whohasalso investi- chosen empirically to yield a gap of 8.8 eV)' to
gated itsultraviolet absorption spectra. Some pre- account for the partial ionic character of the sys-
llminary results have also been published by Phill ip tem.
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Local-density self-consistent energy-band structure of cubic CdS

Alex Zunger* and A. J. Freeman
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(Received 9 February 1978)

Sel-sistent ab initio studies of the electronic-energy-band structure of cubic CdS are reported within
the lcaldensity-functioral (LDF) formalism. All electrons are included using out, previously reported linear-

.n.ion-ofatomic-orbitals method in a numerical basis representation. In the first set of calculations we
epmo~y the same lattice constant, exchange (only) potential, and computational parameters as were used by
Swkd e aL. in their early self-consistent orthogonalized-plane-wave (SCOPW) investigation so that a direct

omp isi of results can be made and the validity of the SCOPW approach for covalently bonded 4d
syum an be assessed. In the second set of calculations, the Stukel et aL computational restnctions are
ftaad a more accurate lattice parameter is employed. ana the Kohn-anam exchange and the Singwi et aL
corelation potential are used to obtain the local-density formalism solutions to the band problem, including
vazsation of the band structure and related prope.'ties with pressure (change of lattice constant). Comparison
with optical and x-ray and uv photoemission experiments for excitations of both the s-p and metal d bands
in the 5-19 eV region indicate very good agreement The direct gap at r is. however, found to be 0.5 eV
(25%) too small, a discrepancy similar to that previously fcund in nonerrnrr:al studies for other heteropolar
iulators (e.g.. Ne and LiFl. This is traced to the nezlect of the different ortmial relaxation at the .,5 and
r, bond edges and to the noncancellation of the seif-interaction :erms characteristic of the local-density
pontaiaL Simple atomic total-energy models for these effects are shown to bring this gap into good
agreement with experiment- It is concluded that a first-pnnciples (parameter- free) exchange and correlation
LDF model describes very well the main electronic-structure features of the system.

L INTRODUCTION rametrizing empirically the first few Fourier
components of an unspecified crystal potential.

There now exists vast literature comprising ex- Although this phenomenological approach has pro-
perimental and theoretical investigations of the duced a great deal of information on the variation
electronic structure and related properties-of the of the gaps in li-VI compounds and the origin of
important fI-VI compounds. Of obvious importance the important band-structure critical points in the
for understanding and interpreting many of the ob- Brillouin zone, no meaningful comparison of the
served properties of these materials is a detailed adequacy of the SCOPW approach, as well as that
knowledge of their underlying electronic band of the underlying exchange models, could be made.
structures. In this regard, recent optical and More-recent developments in semiempirical non-
photoemission experiments have played an impor- local (non-self-consistent) pseudopotential theory'
tant role in elucidating key features of the band have improved considerably the agreement between
structure over an increasingly large range of en- the calculated band structure and x-ray and uv
ergies above the fundamental band gap. photoemission data by introducing a few additional

On the theoretical side, pioneering ab initio en- disposable parameters to describe the geometry
ergy-band studies' ' were carried out for many of of the angular-momentum-dependent model pseudo-
these materials using the non-muffin-tin self-con- potential terms. Although a successful paramet-
sistent orthogonalized-plane-wave (SCOPW) meth- rization scheme, little could be learned regarding
od. This technique has been applied in recent the microscopic nature of the elementary inter-
years to the study of the electronic structure of a actions which lead to this success. Further, due
large number of semiconductors and semimetals, to the independence of the parametrized model po-
and has resulted in a considerable gain in insight tential on its associated variational wave function,
into the systematics of both the IIf-V and III-VI questions such as self-consistency and the nature
compounds as well as in a better understanding of of the crystal dissociation products (which are
the photoemission, high-pressure, and optical well-defined local-density-functional (LDF) atoms
data for these materials. At that time, the only in both linear-combination-of-atomic -orbitals

popular alternative method was the non-self-con- (LCAO) and SCOPW models] have remained large-
sistent empirical pseudopotential approach' which ly unresolved and have inhibited a meaningful com-
completely avoided the specification of the micro- parison with first-principles models based on well-
scopic potential in the solid (i.e., the nature of the understood (but less successful) crystal potentials.
Coulomb exchange and correlation fields) by pa- Subsequent studies on the convergence properties
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Band structure and-lattice instability of TiSe 2
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The ne band structure of TiSe,. determined in the local-denity approach yields a semmetal (band
ovelap 0.20 + 0.05 eV) with holes at r and electron pockets only at L. The dimensions of the electron
pocket indicate the presence of (7-8) X 10- carmers/cm' in excellent agieement wtn ooth transpirt ai,
angular-resolved photoemission data. The observed charge-density wave is attmbuted to characteristic
'volume" effects, i.e., nesting of parallel electron-hole bands at EF separated by the F-L zone-boundary
wave Vetor.

The nature and unusual properties of the elec- tin' or semiempirical models' are not able to re-
trc ie state of TiS. and TiSe, have become the sub- solve these questions, we undertook an ab initio
ject of intense interest and study. The question as study of the electronic band structure of TiSe. in
to whether TiS, (and TiSe:) is a semiconductor or a order to understand its various measured proper-
semimetal is still not resolved and the closely cou- ties. Of direct interest was to corr.are with the
pled question of the origin of the unusual T tern- first angle-resolved photoemission -tudies of
perature dependence of its resistivity is still not Bachrach et al..- which showed conduction-bani
understood. The recent observation, 2 of a 2a, overlap of the valence band along the r-1 direc-
x 2c, lattice instability in TiSe. at temperatures tion by at least 0.5 eV.
below 202'K, coupled with its semimetallic con- The band structure was calculated in the local-
ductivity above this temperature in the most nearly density functional (LDF) approach, usir our pre-
stoichLiometric crystals (-liU -10 2 ' carriers/cm l ), viously published numerical basis set LCAO dis-
has served to intensify interest and speculation as crete variational method.5,8 We find that TiSe, is a
to its electronic structure. Of particular concern semimetal with an indirect negative gap (0.20 eV)
has been the mechanism with which to explain the between P and L; contrary to some previous ex-
origin of its charge-density wave (CDW) and the pectations,2 no electron pocket was found at !.
failure to observe such an instability in TiS,. The- The dimensions of the electron pocket at L
ory has not added enlightenment. The early non- (0.20LH, 0.25LA, and 0.5L.3) indicate the pre-
self-consistent Korringa-Kotn-Rostoker (KKR) sence of (7-8) x 10 -0 conduction-band carriers/cm3

muffin-tin band calculation- for TiS, (TiSe,) gave a in the perfect crystal. This is in very good agree-
fundamental gap of 2.0 eV (1.2 eV) at r and a ment with the independently reported transport'
smaller indirect gap of 1.4 eV (0.5 eV) between r and angle-resolved photoemission e.periments.'
and L; similar semiconducting characteristics In our calculations, the linear basis set con-
have been predicted by empirical tight-binding sisted of Ti ls to 4p orbitals and Se ls to 4d orbi-
studies. 4  tals, obtained as accurate self-consistent (numer-

Recently, our fully-self-consistent numerical ical) solutions to the corresponding sinzle-site
basis set linear combination of atomic orbitals LDF one-particle equations. About 3500-4000
(LCAO) general (non-muffin-tin) potential calcula- Diophantine integration points per unit cell. to-
tion for TIS2,i 5 showed good agreement with optical gether with a cutoff distance of 27 a.u. for the di-
properties for energies below 16 eV. Contrary to rect space lattice sums, were needed ,,as was the
previous expectations, a small indirect gap (0.2- inclusion of the Se 4d and Ti 4p virtual orbitals) in
0.3 eV) was found to occur at the points L and .l in order to obtain a numerical accuracy of 2-3 may
the Brillouin zone, with a larger direct gap (0.8 in the band eigenvalues for enerc:,es below 4A-

7

eV) at r. (A recent comprehensive analysis of eV. The initial crystal potential was constructed
transport, magnetic susceptibility, Hall effect, from an overlapping superposition charge density
resistivity, Seebeck, etc. 6 data yielded a gap of made up from atomic Ti 3d-4s' and Se 4s-4p' solu-
0.2-0.5 eV, in agreement with our predictions.) tions of the LDF equations. The potential included
Since extrapolation of our results for TiS, to the the local exchange po13 (with a 2,/3 coefficient) and
case of TiSe, is crude at best, and since muffin- the nongradient correlation contribution. t° All

17 1839



VOLUME'40. NUMBER 17 PHYSICAL REVIEW LETTERS 21APiL 19"78

Structurally Induced Semimetal-to-Semiconductor Transition in IT-TiSe1

Alex Zunger ) and A. J. Freeman
Department of Physics and Astronomy and Materials Researrh Center, Northwestern University.

Evanston, Illinois 60201
(Received 14 March 1978)

We show that observed changes in the nature of the conducting state of 1T-TiSe, in go-
ing from the normal semimetallic state to the charge-density-wave semiconducting state
can be successfully modeled by variation of a single structural parameter, z, which mod-
ulates the TI-Se bond length. These ab initio band-structure results lead to a number of
Interesting experimental consequences.

Current interest in charge-density-wave (CDW) tractable number of atoms, the CDW state is ex-
phenomena in metals, especially the layered di- tremely complex (e.g., in TiSe. it contains 24
chalcogenides of tl'e transition series, remains atoms and 128 of its 720 electrons are in valence
high, particular, as rezards their origin and the states) and so cannot be treated by the present
physical properties which accompany the transi- generation one-electron methods with an. accura-
tion to the CDW state. 4 Recent advances in ab cy corn parable to the relevant band overlaps and
initio band-structure theory avoid the appro.ima- b,,zd gaps (0.1-0.2 eV)." In particular, the
tions underlying the more conventional approach- large number of internal structural degrees of
es to the one-electron problem (e.g., muffin-tin freedom in the CDW phase, makes it practically
approximations, lack of self-consistency, shcrt- impossible to esta.1ish a direc: correiaticn ce-
comings in the basis-set representations, etc.), tween the structural deforma,,Jr, accompanying
and have been found to describe accurately the the CDW formation and the pertinent elect.ronic
properties of the normal state of these compounds. properties.
In particular, the na.,rc of the conducting state We have isolated a simple structural variable
oi TiS2

"' 6 and TiSe, 7 (semiconductor and semi- in IT-TiSe, that allows the electronic response
metal, respectively), which had been highly con- to the observed complex pattern of l,+;ce distor-
troversial for some time.8 has now been correct- tions in the CDW state to be modeled in a simple
ly predicted; even more strikingly, these calcu- and direct way. This simple structural degree
lations were able to predict the dimensions of the of freedom is the internal crystal parameter'- z
electron and hole pockets in TiSe,,7 in excellent that modulates the Ti-Se bond length and deter-
agreement both with transport measurements- mines the height of the Se atoms above the metal-
and with recent angle-resolved photoemission layer planes. The simplicity of the model per-
data.' Similar studies on TiS, 5 and VSe. 1" were mits a detailed study of the electronic response
used to analyze successfully a wealth of experi- to such structural deformations and provides a
mental data, including x-ray and uv photoemis- direct characterization of the conducting states
sion, optical reflectivity, infrared effective of the material in terms of its electronic struc-
charge, appearance-potential spectra, and trans- ture. Among other results, variations of this pa-
port properties. and have provided a coherent rameter in a first-principles energy-band calcu-
microscopic picture of the chemical bonding in lation are found to transform the system from a
these systems. semimetallic state to a semiconductinglike state

Questions pertaining to the electronic proper- characteristic of the CDW phase. The results of
ties of the CDW state, however, remain largely these energy-band studies lead to a number of in-
unresolved. Although the basic phenomena in- teresting, and possibly important, experimental
volving phonon-mediated interactions between consequences, including the effect of pressure on
the electron and hole pieces of the Fermi surface the conduction properties and the prediction of
(FS) have been phenomenologically understood the absence of a surface superlattice due to atom-
for some time on the basis of simple momentum- ic relaxation at the surface.
conserving geometrical FS models, a theoretical The band calculations were performed with use
description of the underlying changes in the elec- of the numerical-basis-set linear combination of
tronic structure of the CDW state is still lacking. atomic orbitals (LCAO) method described previ-
This has a simple practical reason. Unlike the ously5' 2 ; briefly, it consists of a first-principles
unit cell of the normal phase, which contains a LCA'O approach to the local-density-functional
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Evidence for Possible Electronic Contributions to the W(001) Surface Phdse Transition

H. Krakauer, M. Posternak, and A. J. Freeman
Depatment of Physics. Northwesternz University. Evanston, Il7inois 60201

(Received 10 September 1979)

The calculated surface generalized susceptibility, determined from ab initio self-con-
slateat thin-film energy bands for the unreconstructed phase of W(001), displays a promi-
nent peak at KI when matrix elements and local-field corrections are included and sup-
ports proposed charge-density-wave interpretations of the observed reconstruction to the
c(2x2) phase. These results are consistent with the Debe and King parallel-shift model
and the suggestion that W(001)c(2x 2)-H at room temperature represents an impurity-
stabilized substrate reconstruction.

Surface-structural phase transitions are be- chemisorbed impurities (hydrogen in particular)

coming a subject of intense experimental and theo- need not be present on the surface when the c(2

retical investigation. A prototypical example is x 2) structure is observed, thus impiving that tne
given in the low-energy-electron-diffraction Lransition is characteristic of the clean surface.
(LEED) studies of the tungsten' 2 (001) surface Felter, Barker, and Estrup and Debe and Kinz2
which show a temperature-dependent phase tran- have suggested that relatively small periodic dis-

sition to a (f2x '2)R45 or c(2x2) structure when tortions could account for the phase transition,
the temperature is lowered below about 300 K. and they have noted that this is compatible with a
This transformation seems to be of second order charge-density-wave (CDW) mechanism as in the
and is reversible on varying only the tempera- layered transition-metal dichalcogenides. A

ture. [ A similar transition has been observed on LEED intensity analysis3 for W(001) at 100-140 K
Mo(001).2] Recent investigations" 2 conclude that supports a model proposed by Debe and King' in-
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Electronic structure of IT-VSe2

Alex Zunger*
DNpatment of Physics and Astronomy and Materials Research Center. Northwestern University. Evansron. IlhnoLs 60201

A. J. Freeman
Department of Physics and Astronomy. Northwestern Uniersity. Evanston. Illinois 60201

and Argonne National Laboratory, Argonne. Illinois 60439
(Received 12 July 1978; revised manuscnpt received 26 February 1979)

A first.principles self-consistent (non-muffin-tin) band-structure calculations on I T-VSe, is used to analyze
so1e of the transport and optical properties. I'he material appears to be metallic with characteristic overlaps
between the metal d-based and nonmetal p-based bands. These overlaps are found to be sensitively
modulated both by the change of the (anomaiously high) c/a ratio and by the sandwich height parameter z
(determining the V-Se bond length). This leads to a number of interesting predictinns regarding ihe
electronic structural changes associated with the charge-density-wave instability.

L INTRODUCTION obtained previously. 8 Whereas the muffin-tin KKR
results gave a st.aiconductor witn a iundamental

The origin of charge-density waves (CDW) and gap of 2.0 and 1.2 eV at F anci a smaller indirect
their relation to the observed anomalous behavior gap of 1.4 and -0.5 eV between F and L for TiS.,
of the layered transition-metal dichalcogenides and TiSe., respectively, our seif-consistent riu-
continues to be of great theoretical and eypertmen- merical basis linear coinbtna:ton ot atomic or-
tal interest. Of the various dichalcogenides, the bitals (LCAO) method reducea 'he calculated di-
IT family of the group-V2 compounds may be rect gap tn TiS, to 0.8 eV and the indirect gap be-
among the most interesting for study because ,if tween 0.2 and 0.3 eV. For TiSe, our SC-LCAO
the wide variety of phase transitions and associated results showed it to be a semimetal with an in-
anomalous properties which they exhibi t . -,2 For direct overlap of 0.2 eV beveen r anti L-in
the 1T-TaS. and IT-TaSe. systems the Korringa- agreement with transport' and angle-resolved
Kohn-Rostoker (KKR) energy-band calculations photoemission" experiments. These results ap-
of Myron and Freeman' gave Fermi surfaces which pear to confirm the validity rf the local density
are very similar for both systems, having cross functional energy-band approach, for describing
sections which are approximately constant in the electronic structure of the Layered dichal-
planes that are perpendicular to the z axis and cogenides.
which can be nested by approximately the same In addition to the standard energy-band study of
wave vector parallel to the r.M direction. Using TiSe._ , . also investigated" the effect of internal
the energ -band structrae and three-dimensional structural changes-specificallv, the effect of
Fermi surface, Myron et al.4 calculated accurately varying (i) the so-called sandwich neight param-
the generalized susceptibility X(q), which arises eter z, which determines the vertical positwn. of
from both Fermi-surface nesting and band-struc- the Se atoms above and below the metal plane, and
ture effects for bands just above and below the (i) the c/a ratio on the electronic structure. We
Fermi energy E . Maxima were found at those < found that the observed changes in the nature of
values which correspond to the CDW nesting vec- the conducting state in going from the normal
tors found by Wilson et al." Recently, Woolley serimetallic to the charge-density-wave semi-
and Wexler5 determined the band structure and conducting state can be successfully modeled by
Fermi surface of iT-TaS,, -TaSe 2 , and -VSe 2  variation of a single structural parameter z.
using the layer method for band calculations in a Among other results, variations of this parameter
so-called double muffin-tin approximation to the in the energy-band calculations are found to trans-
potentiaL form the system from a semimetal to a semicon-

In our recent local-density self-consistent (SCI ducting-like state characteristic of the CDW phase
non-muffin-tin investigations of the electronic and to lead to a number of possibly important ex-
structure and properties of the group-IVB ma- periniental consequences, including the effect of
terals IT-TiS2 ' and -TiSe,,' we found profound pressure and intercalation on the conducting prop-
changes to occur relative to the results of the erties.
early non-self-consistent muffin-tin KKR results As a consequence of this wuk on the group-IVB
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Electronic band structure, optical properties, and generalized susceptibil.ity of NbO 2
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*Tbe elecronic structure of the high-temperature rutile phase of N'bO, is studied by the linearized-
aunten ted-plane- wave method. Potentials construcied by superposition of neutral-atom and ionic-charge
deaitiaa arm used to explore variability of the electronic band structure. A rigid-band scheme is shown to
accurately describe optical absorption of the i-utile phase of NbO, staoilized by the addition of 20 at, %~ Ti as
measured by Raccah et al. Differences between the band results focr iutile NbO, and the optical absorption
meaaurments on the low-temperature body-centered teiragonal phase of NbO, are attributed to band
splittung induced by lattice distortion which occur at the phase transition. rhe static-eLectron response
ftunction X(4) is calculated in the consiant-matnAx-elements approximation. In contrast to the case of
isoelectrtic V02, no Fermi-surface nesting features are observed. and )(q) is foun~d to be structureless in
the vicinity of the point P = (1/4. 1/4, 1/2) which has been associated with a possible soft-mode phonon
instability responsible for the lattice iransfortnation.

L INTRODUCTION b- a band-sti ucture study." However, the mech-
antism of the phase transition in NbO, is less

Niobium dioxide shows a structural pnase trans- clear5 " 2
.'

3 and neutrui-scattering experiments
formation (rutile to body-centered tatragonal) -have failed to detect [ow-frequency soft-mode
around 810*C accompanied by rapid changes in phonon branches13 particularly at the wave vector
resistivity and magnetic susceptibility. The high- P = (IL, It, 2) thought to be associated with the static
temperature rutile phase is metallic, while the lattice distortion.
distorted phase is found to be semiconducting.'14  In this paper we study the electronic band struc-
The transition is less abrupt than in the isoelec- ture and the generalized susceptibility xiq-) in order
tronic compound VO. and has been characterized to assess the possible role of electronic instabil-
as second order by neutron -diffraction studies. ities in the observed structural phase transiorma-
It is possible to prepare gooid single crystals of tion. Since, as is well known, first-orinciples
Nbn., in contrast to the first transition series calculations on such systems of rather low sym-
compounds, so this system provides a good test- metry are difficult, some calibration against ex-
ing ground for comparing theories of electron- periment must be mode prior to estimatiniz the
phonon interactions and electronically driven v-Alidity of the theoretically determined electronic
transition3 with experiment. In addition, pseudo- response functions. Thus it is especialli u- zrt-
binary compounds such as Ti,-Nb-O: are found ant for our work that Lu et al." have rna:!e e.-aen-
useful in studying effects of d-electron occupancy sive optical reflectance measurements on siri_ie-
on electrical, optical, magnetic, and structural crystal NbO, and Ti,.Nbl,O, and have derived the
properties."" associated absorption function E,(w). These data

Neutron and x-ray studies have provided accurate provide the basis for a detailed coinopartsor. be-
values for atomic positions in both phases of NbO,. tw~een theoretical band structures and experisment.
The low-temperature distorted phase is understood For the band st-dies we use the recently devel-
to be essentially equivalent to a dimerization of oped linearized -augmented-p Lane -wave (LAPW)
the metal-atom chains found along the rut ile c method of Koelling and Arbman.' 5  As discussed
axis, analogous to the famous Peter Is distortion, in Sec. II, this method has proven to provide an

Ini the case of V02,, x-ray diffuse scattering efficient and accurate approach for coniple.%
measurements by Terauchi and Cohen' confirm structures. Using a rigid-band scheme, the re-
the existence of soft phonon modes centered at the suits of our calculations are found to des&,tbe ac-
point R 0~,, !a) of the Brillouin zone as predicted curately the optical absorption" of the rutile phase
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mnagnetism ana superconauctivity in rare-earmn ternary
borides
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The observation of magnetism and superconductivity in both the ternary rare-earth rhodium bondes
(NMAB) and the Chevrel ph-sc ter-naries MNMo.S, (with x close to 1) and most recently Wi the discovery
of re-entrant magnetism accompanying a transition to a normal metallic state at T~rT (the
~ruiecnducting transition temperature) and (0i the coexistence of magnetism and superconductivity have

generated considerable excitement as to the origin of these phenomena. We discuss the origin of
, magnetism and superconductivity in the MRhB, zompounds and re-entrant magnetism in ErRhB, using

the results of ob initio self-consistent LMTO energy band calculations. The total and separate I-
decomposed contributions to the density of states kDOS) ansing from the two Ni. eightt Rh and eight B
atoms per unit cell are used to estvmate !heir %anocus coritnbunions to ma-rnctic or-ering (via the 417-5d
RKKY interacton) and/or superconductivity (,;sing a Gaspari-Gyorff modr!i to obain the electronic
wont'btions to X. the electron-phonon coupling paramrt-r. and McMiilan r~onz c-oupling theory to
obtain r). Comparisons are made with recent e~xpernrentai results and several expenimental speculations
about the re-entrant magneti state are presented inciuding the possibility of a mixed (ferromagpetic and
superconducting) state.

PACS numbers: 74.70.Lp. 74.70.Ps. 75.30.Hx

1lrr=DUCT: ON

The discovery (1,21 of magnetism arnd supercon- Ho, Er. and Lu (which has a. closed 4f shell). We
ductivity in rare-earth ternary compounds has brought are particularly concerned with the competing
together the study of these seemingly opposing col- mechanisms for produci~ng magnetism and supercon-
lective phenomena. in particular, the observations ductivity in the rare-earth systems. However, only a
of re-entrante magnetism in 3 Er~h4B4 and 2 H01 . 2 -MOS 5  qualitative understanding is at present possible
and most recently the coexistence of antiferro- because our band calculations are for the paramagnetic
maguetisii and superconductivity in several of the states.
Chevrel terniaries have raised questions regarding
these phenomena and our fundamental understanding The magnetic and superconducting interactions
of the itnteractions leading to magnetism and are included in the sense of perturbation t:-eory.
supetcnoduct ivicy. A more conpleto--and much more difficult--theor,

would solve the basic Familtonian with both =agneric
In the ternary boride Mh 4S 4 compounds (with and superconducting Interactions included si ul-

U - 4 rare-earth metal) Mtatthias et al. (1] found that taneously. Such a treatment would provide a
either terromagnetisn (M - Cd, Tb, Dy, and 11o) or unified view of the pheom'ena of magnetism and
superconductivity (H - Y, Nd, Sm, Er, Tm, and Lu) superconductivity. Here we consider not only
aisted at temperatures T < 12 KC. Table I gives phenomena in which tme magnetic interactions'
both the magnetic transition temperatures (TT) and inhibit superconductvilty, but also those in which
the superconducting transition temperatures (TS). the superconducting ordering preventcs the onset of
The behavior shown in Table I is in sharp contrast magnetism. This discussion leads to the suggestion
to that observed in the ternary Chevrel phase compounds of a possible new experiment and the occurrent: of a
NzNOG0SS and MxMo 6Se3 where each rare-earth compound mixed (magnetism and superconductivity) state for
was found to be superconducting except for Ce and ErRh4 B4.
Zn. The sharp breaic in properties be2tween the M - Ho
a"d Er boride compounds is of especially great K=
istieret--with mgnetism for Ho (7m, - 6.56 K) and
superconductivity for Er (T,, - 8.7 K), even though Since some details of our energy band cal-
the effective magnetic moments of both RE ions (10.6 uB culations (41 have been given elsewhiere. and due to
for So and 9.6 u3 for Er) differ by only a small space limitations, we note here only thiat the
mWUut (-10Z).- Surprisingly, ErRh4 ,B,, uitch calculations were done self-consistentlv for the

becomes superconducting at 8.7, was found to become full 18 atoms per unit ceLl, using the Linear Muffin
agnetic at T - 0.9 K w-ith the return of the system Tin Orbital (VITO) and related methods w-ith a
to a normal conducting state ('re-entrant magnetism" potential that contained the Hedin-Lundquist
In a superconductor). treatment for exchange aad correLatton in the

relativistic Dirac eiquation but it,_nout spin-orbit
go have been studying the origin of these coupling.

phenomena using results of ab tnitlo self -consistent
band structure calcuilations carried out on five of 1tESM.LU
these ternary borides, notabiy 4 - Y (which has no
U1 eiectrons), Gd (vith the largest: total spin), Since the basic energy ma --actures are
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The generalized susceptibility, ,(q), in Pd and Pt forq along the 1001, f[1101. [1II11, and [11201 directions was dcee-
mined from their APW and PAPW enercv, oand structures. respectively. usii! the analytic tetrahedron linear eneruv schenne
of Rath and Freeman. The band structures were pre iously found to yield Fermi surface radii. temperature aeinendencies of
the static magnetic susceptibility. \i I-). resisto im. and ., pi atc r,-!axatin. TIT. in '.erv -uoa a,2reemnent w.ith e\t %-
ment. In the vx(ql calculationis, we used 204S eracr in 1,4Sth 8r~ui~ Z and the energy eieenvlues for ).and%, 4. 5.
and 6 which cross the Ilerni 2nerv as -it,,!d to a Fourier series represcnition. The intraband parts of \(q) at q = 'i or "~
metals are round to agree with the density of states at the Fermi energy to without 0.57% Our results show that tne donti-
nant contribution to Xintra arises from the dominant band 5 whose 'junelc-gymn" FS has strong niesting features; the main
peak for Pd occurs at the same q value (= 0.65ff/al for q alone the (OqOI. (q. q, 0]. and [q, q, q I directions. The locus of
this main peak is a square tn the (0, 0. 1) plane. The maximumn Of Xintra for q along the I11101 and [1111I diructions arc
23% and 13%, respectively, higher than the value of \(q) at q = 0. For q along the [0 101 aind 11201 directions. the peak is.
however, lower than the value of \intra at q =0. Hence, while phonon anomalies are predicted for the [ 1101 and [1111I
directions, no anomaly is predicted for either the 1 1001 or [11201 direction. The predicted q value for the 1 1101 anomaly,
q = 0.65 ri/a is close to the experimental value of '-0.7 nma. Although there may be a hint of an anomaly at 0.56 [ 1111 in
the measurements, a more detailed investigation of this region is called for. For platinum. Xintra for q along the [0101,
[1101 and f IlI directions has main peaks which occur at q =0.68 mra. 0.75 ;r/a, and 0.85 if/a, respectively. Here too. this

main peak comes from the nesting of the junee-2 m Fermi sorface which is not, however. as flat as that of palladium.
Anomalies are predicted (although weaker in Pt than in Pd) along [1I101 and [I]I but not along 11001 and 11201. The
[1101 anomaly is lose to the measured q value (-').7 -0.8 7ma). Also in aereement wiih experiment, we prcdit a weaker
[1101 anomaly for Pt than for Pd. in both Pd and Pt. weaker anomalies are predicted for the [ IlI direction than for the
[1101 direction.

I. Introduction sity waves, charge density waves (CDW) and phonion
anomalies with maxima in the generalized suscepti-

The role of electronic structure in determiningz bility, X(q), for the non-interacting conduction elec-
phonon anomalies in metals has become a subject of trons. Some time ago, Kohn [I I showed that for a
intense interest. Strong impetus for these investipa- free-electron gas, the existence of a sharp Fernti sur-
tions has been given by the correlation of spin den- face leads to non-analyticities in the phonon disper-

sion relations (now known as ";Zohn anomalies")
which occur at phonon momentum values eqiual to

Based on work performed under the auspices of the US twice the momentum of thle electrons at the 'F~tii
Air Force Office of Scientific Research, and National1 surface. Subsequently, Taylor [21 treated thle effect
Science Foundation and the Department of Energy.ofvrusadifcrateofainlbndFti

SPresent address: Physics Department. Case Western o aiu ai fcraueo igebn em
Reserve University. Cleveland. OH 44106, USA. surface, Afanasev and Kagan [3 1 gave a inure detailed

SScience Applications Inc., Schaumberg, 1L. 60195, USA. discussion for the case of a flat Fermi surface, and
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Electronic band structure and properties of a- (*)

A. 1. Freeman, D. D. Koelling (1) and T. J. Watson Yang (t,)

Physics Department. Northwestern University. Evanston. Illinois 60201. U.S.A. and Argonne National Laboratory,
Argonne. Illinois 60439, U.S.A.
(t) Argonne National Laboratory. Argonne, Illinois 60439. U.S.A.

(Mt) Physics Department. Case Western Reserve University. Cleseland. Ohio. U.S.A.

Rksumi. - Utilisant une version relativiste de la methode LAPW. nous presentons des resultats d'une etude
detaillee de la structure de bande electronique ainsi que de quelques proprietes physiques de l'uranium dans la
phase orthorhombique. Les densites d'etats totales et partielles sont utilisees pour discuter les resulhats de
photo-mission de Veal et Lam. Les surfaces de Fermi des bandes predominantes 6 et 7 presentent une
syMrtrie elevee ainsi que quelques particularires topologiuques (nestin') qui peuvent 6tre comp:wrees aux
mesures actuelles d'effet dHvA d'Arko et Schirber. Le calu; du facteur de forme neutronique en presence
d'un champ magnetique est en bon accord avec les mesures de Maglic et al.

Absurct. - We present some results of a detailed study of the electronic band structure and some physical
properties of orthorhombic uranium using a relativistic version of the LAPW method. Total and projected t by
orbital angular momentum) densities of states are used to discuss the photo-emission data of Veal and Laun.
The Fermi surfaces of the dominant 6th and 7th bands are found to have high smmetry iand some nesting
features) of interest to dHvA measurements being pursued by Arko and Schirber. The theoretical magnetic
field induced neutron form factor is found to be in good agreement with the measurements oi Maglic et al.

The anomalous physical properties of a-U have al. [8]), and generalized susceptibilities, V(q) (for
made it a subject of great interest for experimental investigating possible electronically driven phonon
and theoretical study. Unfortunately, its complex anomalies and charge density wavesi. Because of
structure (orthorhombic with 4 atoms/unit cell) and space limitations we are able only to give a brief
the resulting lack of symmetry have made its theore- indication of this extensive work here. A full report
tical study by conventional energy band methods is being prepared for publication elsewhere.
exceptionally difficult and costly. Thus, while we The three lattice parameters and the atomic posi-
were able to study the light and heavy actinide tional parameter, u, were obtained by extrapolating
metals [1] in their cubic (high temperature) structu- the temperature dependent X-ray measurements of
res, the study of a-U awaited development of a Barrett et .-2 [9] to the temperatures assuming that
computational scheme which was not only rapid and the system was cooled under pressure in order to
efficient but which avoided the so-called asymptote avoid the anomalies associated with transitions at
problem which plagued our earlier efforts. T < 43 K. Using these parameters (a = 5.360 A.

In this paper we report some results of our relati- b = 11.086 A. c = 9.328 A. and . = 0.102) our mo-
vistic energy band studies on a -U using a relativistic del warped muffin tin potential was constructed in
version of the linearized augmented plane wave the standard overlapping charge density model using
inethod (2-3] (LAPW). This scheme has been suc- the Kohn-Sham-Gaspar (a = 2/3) exchange. In our
cessfully applied to the study of some actinide calculation we use the f' d- s' configuration. Diffe-
compounds, notably UGe, [4], UIr, [2], and rent estimates including a pseudo-self-consistent
URh, [5]. We have determined the energy band model (as was used earlier for UGe,) to determine an
structure, density of states (DOS). orbital angular improved choice of configuration, indicate that a
momentum projected DOS (for use in analysing the configuration in which roughly 0.25 to 0.5 electron
XPS experiments of Veal and Lam [6], detailed are transferred from the f to the d levels is more
Fermi surface cross-sections in close collaboration appropriate. The calculated band structure was fit-
with the work of Arko and Schirber (7] reported ted with a Fourier series and used in our determina-
elsewhere at this conference), wavefunctions and tions of the Fermi surface. DOS and )((q).
magnetic field induced spin densities, neutron ma- Figure I shows the I = 3 angular momentum pro-
gnetic form factors (in close collaboration with and jected DOS. We see a good deal of structure in the
to understand the measurements of Maglic et total DOS (not shown) arising from the lower sym-

metry and the hybridized ,cet of s. p. d. and f bands.
(0) Supported by the U.S. NSF, the AFOSR. and the DOE. There is a rapidly increa- pKg otal DOS just abo'.e EF
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Electronic Structure and Magnetism of CuNi Coherent Modulated Structures

T. Jarborg
Department of Physics and Astronomy and Materials Research Center. Nvthwestem University.

Evanston, ilinots 60201

and

A. J. Freeman
DefsWment of Physics and Astronomy and Materials Research Center, Northwestern Univers"ity.

Evamton. Illinois 60201, and Argonne National Laboratory. Argonne. 11inois 60439
(Received 9 April 1980)

The electronic and magnetic properties of a coherent modulated structure consisting of
three atomic layers each of Cu and Ni perpendicular to 1ii were determined from
ab *dtio self-consistent spin-polarized energy-band calculations. We predict a substan-
tial reduction in spin magnetization and contact hyperfine fields M,, at the Ni layers (in
contrast with enhancements reported earlier from ferromagnetic resonance measure-
ments), charge (0.1.-) and spin (-0.01SB) t-ansffar to the Cu sites, and large , at the
Cu nuclei.

PACS numbers: 71.25.Pi, 73.40.Jn, 75.10.Lp

Considerable interest has been aroused by the are substantially larger than any Knight shifts ob-
observation of greatly enhanced elastic proper- served for Cu.
ties of short-wavelength composition-modulated Our CMS, shown in Fig. 1, has six atoms per
bimetallic films' and especialiy by the significant- unit cell and four inequivalent layers denoted as
ly larger magnetization density of a short-wave- "bulk"-like for the central Cu and Ni and "inter-
length (30 A) CuNi thin comnosition-modulated face" for the remaining Cu and N. Since deposi-

film2 compared to that of pure Ni as deduced from tions of a metal A on a metal B result in a lattice
ferromagnetic resonance experiments. White constant for the initial layer which is between
and Herring5 have proposed that the anomalously that of A and B, we form our CuM structure with
large magnetization value is indicative of a com-
plex magnetization distribution, including nega-
tive regions, which can substantially increase N Cu.
ferromagnetic resonance frequencies. Nib

In this Letter, we present the first theoretical
determination of the electronic structure and mag-
netic properties of a realistic layered coherent

modulated structure (CMS). Ab initio self-con- Cui Nii

sistent, semirelativistic, spin-polarized linear
muffin-tin orbital (LMATO) energy-band calcula- C

tions have been carried out on a 50-50-composi-
tion CMS consisting of three atomic layers each
of Cu and NI modulated along the [1111 direction.'
We find no evidence for a complex magnetization Cu
distribution. Instead, the spin magnetization of

the Ni layers is reduced relative to that of pure
M The central NI layer moment is 0.50 I
whereas that of the interface N layers is 0.37 As.
The large reduction of the "interface" NI layer Ni
moments is consistent with the magnetically dead
layers reported earlier for Ni layers deposited
on a Cu substrate. 4 The calculated core-polariza-
tion hyperfine fields, H,, at the NI sites also
show a reduction proportional to that found for the FIG. 1. CuNI CMS modulated along 1il1] (without
spin magnetization. The small Cu magnetic mo- local strain). A, A2. and A3 define the six-atom unit
ments (-0.014@ ) result in large B, values which cell; i and b denote "Interface" and "bulk."

C 1980 The American Physical Society 653



a. ic STRucfPE OF SURFACES, SURFACE MPAGETISIM AND SLRFACE PHASE TRANSITIO'IS

A.J. Fteinn. C.S. Wang, a. Krakauer and M. Posternak

Phimiec Deptent and the aterials Research Center, Northwestern University, Evanston, IL 60201 U.S.A.

Abstract.- We describe and discuss several recent developments in the study of surface phenomena in
this rapidly developing area of research which is becoming of great interest to the Mdssbauer
spectroscopist.

The study of surface phenomena has added a Similarly, sophisticated theoretical methods

mow and Important area of research which has yet are being developed for accurately determining the

to be exploited fully by the K ssbauer spectro- electronic structure of transition metal surfaces.

scopist. As discussed at the Conference, this is These use the bulk energy band methods in the local

particularly true as regards transition metals density formalism as extended to the case of a

where recent advances in experimental and theore- thin film [3-15J. As in bulk systems, a number of

tical methods for studying bulk and surface thin film studies for transxcion metals has shown

properties have increased our knowledge about that self-consistency plays an essential role

thees phenomena but have also raised important [6-12 ,153.

questions about our fune- -=tal understa-di!.- in I d'-cuss in detail the work which we [9-l23

a dramatic way. Here I will mention two areas, have carried out on ferromagnetic transition metal

surface magnetism and surface phase transitions, films using our recent extension of the local spin

which are particularly important examples of density functional formalism to thin film. These

recent developments in this fast growing field. are the first spin polarized ab initio self-conais-

A. Surface States, Surface .arnetization and tent energy band studies of ferromagnetic transi-

Electron Spin Polarization in Ferromaxnetic tion metal films. that are thick enough :9-Layers

Transition Metals. for Ni(001) and 7 layers for Fe(001)2 to accurately

A striking example of some of the conflicting determine the energy dispersion and spatial charac-

results is the contradictory conclusions about ter of the surface states and their effects on the

the validity of the Stoner-W, ,farth-Slater band surface spin polarization layer by layer spin and

theory of ferromagnetism drawn from electron spin charge distributions and Layer projected density

polarization experiments [Q]. The possibly of states.

Important role of surface phenomena in reconcil- One striking feature of the results is the

iUS these difficulties has been recognized in Friedel type oscillation induced by the surface

recent years and theoretical efforts at describing discontinuity in the layer spin magnetic density -

the electronic structure of surfaces have intensi- but not in the charge density. A result of

tied. These investigations share the common particular interest here is the prediction of a

problem with bulk studies of treating locaUzed decrease (by 20) in the surface layer magnetic

d electrons along with the itinerant s-p electrons. moment in Ni and a larger increase in the case of

For bulk sysams, considerable progress has been Fe. There is - evidence for magnetically 'dead'

mde in the last few years in this direction [2]. layers.

2 This work was supported by the National Science Foundation (Grant No.DMR 77-23776) and under the NSr-IRL
prorm throuqh the Materials Research Center of Northwestern University (Grant No. D!R 76-80847), by the
ALr Force Offt:e of Sisntific Research (Grant No. 76-2948) and the Department of Energy.

Present o4-reas :'h/$scs Department, University of Maryland, College Park, MD 20742 U.S.A.
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MAGNETIC INTERACTIONS IN CHEVREL PHASE TERNARY COMPOUNDS

T. JARLBORG and A. J. FREEMAN*
Physim Department and Materials Research Center, Northwestern University, Evanston IL 60201, USA

I

We epo. detailed results of ab-initio self-consistent LMTO energy band studies of several Chevrel phase ternanes. EuMoSl
and SnMo6S,. In these unique calculations. all electrons of the full 15 atoms/ unit cell are treated explicitly with a self-consistent
Hedin-Luadqvist exchange and correlation potential in the relativistic Dirac equation but without spin-orbit counline. As in
our earier work on the rare-earth ternary bondes. the total and separate (by atom) i-decomposed contributions to ifle density of
stae (which show the Eu atoms to be magnetically isolated) are used to discuss their magnetic and superconducting properties.

The discovery that the ternary compounds of calculations. but without distortion of the No-
the rhodium borides, MRhB,, and the Chevrel octahedron and with a rhombohedral angle of 90.
phase molybodenum chalcogenides. *IMo6 S3 (or Further. if one considers spherical svmmetrc
Ses), exhibit (i) superconductivity and/or mag- potentials around each site. this leaves oni, 4 t',pes
netism including (ii) the co-existence of the two of atoms in the structure, whereas inciudina the
and (iii) re-entrant magnetism in several important distortion would make most of the 15 atoms per
systems has generated great interest in the origin of cell inequivalnet. In this simplified structure there
these phenomena both experimentally and theoreti- is one Sn site. six equivalent Mo sites. but two
cally. Experiments on these systems have far out- types of S-sites.
stripped theoretical understanding and have gener- The potential used the Hedin-Lundqvist treat-
ated numerous unsolved questions. ment of exchange and correlation. The charge den-

In the case of the rare-earth ternary rhodium sities from the core states as well as from partly
borides our self-consistent LMTO energy band occupied f-states were recalculated in each itera-
studies have provided a qualit-ti",, understanding tion by using the actual MT-potential. The basis
of the underlying electronic structure and some of set included s. p and d states for all atoms, while in
the basic phenomena observed [I]. These results the three-centre terms in the LMTO matrices 1,,
were also used to predict [1, 2] a possible mixed < 3. This results in an eigenvalue problem of di-
state in ErRh4 B, at temperatures above the re-en- mension 135 x 135. The sharp structure in the
trant magnetism temperature-a state which may total DOS shown in fig. I for EuMo 6Ss arises from
have been seen in the magnetization vs. magnetic the very flat nature of the energy band structure.
field measurements of Ott et al. [3]. The complexity Very similar results were also found for SnMoS 5
of the crystal structure of the Chevrel phase which is a superconductor. These flat bands yield
ternaries have made difficult even non-self-con- high electron velocities at EF and appear to explain
sistent energy band studies. Instead, early studies the unusually high upper critical fields. H-,. found
were carried out with approximate molecular in these superconductors. We see that there is
cluster-tight binding [4] and (limited basis set) considerable structure in the total DOS. particu-
localized orbital methods [5]. We here report re- larly around EF, which arises from the Mo-4d
sults ab initio self-consistent LMTO energy band electrons. From a partial DOS calculation [cf. table
studies of several of the MMo6 X compounds (M 1], we find that there is a high 4d DOS at EF which
- Eu and Sn) which include all electrons and all is favorable for superconductivity. There is a dis-
15 atoms in the unit cell. tinct gap in the DOS just above EF which falls in

The band calculations have been performed by the middle of the Mo-d bands and a smaller band
use of the Linear Muffin Tin Orbital (LMTO) gap between the Mo-d and S-p states as was also
method [6]. The scheme of calculation is essentially inferred or seen in the earlier calculations [4, 5]. As
the same as has been used for calculations on AI5 for most other high T, compounds, the Fermi level
compounds [7] and ternary borides [I]. falls just 2 electrons below the middle of the bond-

The crystal structure data of Marezio et al. [8] ing-antibonding "gap" of the metal d-states. tThis
on PbMo6 S, has been used in all our Chevrel phase explains why the ternaries Mo, ReS , which have 2

more electrons per cluster, are semiconductors.)
*Argoann National Laboratory, Argonne, IL 60439. USA Usually for Mo compounds, the d bands are oc-
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All-atom-all-electron self-consistent semirelativistic linear muffin-tin orbital energy-band
studies are reported for TiBe,. ZrZn, (at ambient and high pressures). the high- T, superconduc-
tor ZrV2. and the ultralow-T, superconductor YAl,. Total and partial (by atom type and I
values) density of states. Stoner-like parameters, electron-phonon coupling parameter X and su-
perconducting transition temperatures T, (determined Aithin the rigid muffin-tin approximation
and McMillan's strong coupling theory with and without paramagnon contributions), and their
behavior under applied pressure are used to discuss the origin of their observed magnetism
and/or superconductivity. From an analysis of the results, we suggest possible high- T, super-
conductivity at high pressure for ZrZn,. and its unlike, occurrence for TiBe, unless dominant
soft phonon modes exist.

i. INTRODUCTION studies have been made of TiBe2 (or the high- T, su-
perconductors). Thus, it has not been possible to as-

The cubic Laves or C1 5 compounds of type MgCu 2  sess the possible electronic contributions to either a
exhibit a number of interesting phenomena including more conventional approach to superconductivity
(i) the much studied v-:ak ferromagnetism ' - " in and/or magnetism or to the inhibited p-state pairing
ZrZn2 and (ii) correlations between high supercon- idea. This paper reports the firs, a!l-atom-all-
ducting transition temperatures T, and lattice instabil- electron, self-consistent semirelativistic energy-band
itie t ' - t 1 ZrV 2 and HfV2, which are well known in the calculations for TiBe 2, ZrZn 2 (at ambient and high
more familiar AI5 and rocksalt transition-metal com- pressures), the high-T superconductor ZrV,. and the
pounds. Interest in superconductivity and itinerant ultralow-T, superconductor YAI 2. Total and partial
magnetism in the C1S's has recently been revitalized (by atom type and I values) density of states (DOS).
foiiowing the report of itinerant antiferromagnetism calculated Stoner-like parameters to study the condi-
in TiBe2 by Matthias ei a/. ' This discovery followed tions for magnetism, etectron-phonon coupling
the expectation raised by the theoretical proposal of parameters A, and T, values and their behavior under
Enz and Matthias19 that the itinerant ferromagnetism pressure are presented and used to provide a qualita-
of ZrZn2 arises from inhibited "p-state" pairing. In tive understanding of these phenomena including the
this view, the Cooper pair interaction is thought to be possibility of superconductivity in ZrZn, and TiBe,
repulsive at short distances (s state) due to a dom- with the applic2!ior! of pressure without invoking p-
inant soft phonon. leaving only p and high pair states state pairing.
to be attractive. Thus, the s-state repulsion would
contribute to the Stoner factor sufficiently to tip the II. METHOD
balance toward magnetism and to prevent the oc-
currence of p-state superconductivity. They further The energy-band structures were determined self-
predict that above a critical pressure at which the consistently using the linear muffin-tin-orbital
magnetism is destroyed in ZrZn 2, p-state pairing su- (LMTO) method. 0 The CI5 (A8,) structure is a
perconductivity would appear and in TiBe 2 would very closely packed structure with 71"' of the ,olume
coexist with any antiferromagnetic ordering, filled by touching spheres and the site symmetry is

Although extensively studied experimentally, only high for the two constituent's. This makes the Cl 5
approximate model calculationss'" have been per- structure especially suitable to study with the LMTO
formed for the electronic band structure of ZrZn2  band method using spherically symmetric potentials.
treated as a diamond lattice of zirconium atoms with The basis set included s, p. and d orbitals ( 1, - 2 )
the zinc atoms entirely neglected. No energy-band for each site, while the three-center terms included I

2 2332 ID1980 The American Physical Society
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Rare-Earth Magnetic Isolation and Superconductivity of the Chevrel-Phase Compounds
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Results of ab inijo self-consistent linear muffin-tin orbital energy-band studies- for
EuMoqS8 , Gdo 6 Sa, Sn~losSq, and Snlo.,Se, including all electrons in all 15 atoms/unit
coil are reported. The large charge transfer from both the Eu, Gd, and Sh sites andi
from the Mo sites to the chalcogens is shown to be the driving mechanism with which to
explain their unusual magnetic and superconducting properties.

The unusual magnetic and superconducting tal and theoretical interest.' These Chevrel-
properties of the ternary molydenum chalcogen- phase compounds, with general formula %l,Mo,~S,
ides have attracted a great amount of experinien- (or Se,) and x between I and 4, occur for a I arge

173 Z 19' . The American Physical Society
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As described elsewhere in these proceedings, the Chevrel
phase molybdenum chalcogenides, 2'LMo6S8 (or Se8), exhibit a
number of unusual properties including high Tc superconductiv-
ity and the highest upper critical fields, Hc2, known. They
also exhibit magnetism and its coexistence with superconduc-
tivity and the phenomenon of re-entrant magnetism at low tem-
peratures (see, for example, Fischer, 1978, and references
cited therein).

From the theoretical side, the complexity of the crystal
structures has made difficult even non-self-consistent energy
band studies of the Chevrel phase ternaries. Instead, early
studies were carried out with approximate molecular cluster-
tight binding (Mattheiss and Fong, 1977; Andersen et al.,1978)

1Supported by the AFOSR (grant No.76-2948), the NSF
(grant Nos. DIV 77-23776 and DMR 77-22646 and through the
Northwestern University Materials Research Center, NSF grant
No. 76-8084?), and the DOE.
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1. INTRODUCTION

The observation in lanthanum of a high superconducting

transition temperature, T , and its large pressure derivative,

dTc/dp, has led to wide speculation that z pairing mecbanism

involving f electrons is responsible. Under pressure, Tc

rises sharply from 6K at ambient pressure and saturates at a

value of nearly 13K around 200 kbar. In addition, at 53 kbar

and low temperature, a phase transition occurs which is

1 Supported in part by the Air Force Office of Scientific

Research (Grant 76-2948), the Department of Energy and the

Sational Science Foundation (through the Northwestern Univer-

sity MateriaZs Research Center, Grant 76-80847).
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We nq.rt the resul -, of a linearized augmented-plane-wave caJculation of the electronic structure of fcc La at
hiu ttie constants corresponding to ambient pressure. 50, and 120 kbars. The Kohn-Sham-Gaspar

approximation for exchange and correlation is used and the potential is allowed a fully non-mutfin-tin form. The /
bendi He -2-2.5 eV above the Fermi level and are - I eV wide, resulting in a very smail (0 05 electrons) localized f
otapanoa. Under pressure the f bands rise and broaden appreciably, resulting in only a shght increase in I
occon The rigid-muflin-tin approximation for the eiectron-phonon interaction A overestimates the
smerotuc-ting transition temperature T, by 4.0%. but we find that tne drastic increase in T, under pressute can

- be attributed primarily co changes in the electronic stiffness q. Structural transitions which occur at 25 and 53
kbmus may be related to changes in Fermi-surface topology which we find to occur approximately at these vressures.

L INTRODUCTION nisms of various kinds, with the large pressure

derivative of T, resulting from variation with

The observation in lanthaitum i of a high super- pressure of the energy of the f state. The explana-

conducting transition temperature T, and its large tion in terms of f-electron states lying above, but

pressure derivative dTejdP has. led to wide specu- very close to, the Fermi level Er was also sup-

latlon that a pairing mechanism involvingf elec- ported by other peculiarities observed in La. The

trons is responisible. Under pressure, T. rises temperature dependence of the magnetic sus-

sharply from 6 K at ambient pressure and satu- ceptibility s was interpreted to be due tc an ef-

rates at a value of nearly 13 Karouno 200 kbars, fective localized moment of one-half Bohr mag-

as shown in Fig. 1. Two separate questions arise: neton, and the Knight shift, also normally tem-

(1) Why is La a high-T, superconductor at all, perature independent, was found7 to increase by

since the isoelectronic elements Sc and Y are not 20%c in cooling from room temperature to 1.5 K.
good superconductors? (ii) What is the cause of The linear specific-heat coefficient3 was found to

the large pressure derivative, dTedP -l K 10 be very large and the thermal-expansion coeffi-

kbar, which is among the largest known for super- cient 3 was found to be negative ia certain tempera-

conductors? lure regions. These phenomena all seemed to

From Fig. 1, the slope aT,'dP is seen to show suggest the occurrence of significant 4f-electron

structure at 25 and 53 kbars. In addition. Balster character in La, and it has been argued t" 0 that
and Witttg' have measured a concomitant anomaly La must be a "4f-band" metal. In addition, the

in the low-temperature electrical resistivity at 53 low melting point of La had led Matthias et al.1 to
Mar. As La is known 2 to be fcc at room tempera- postulate an/f-electron concentration of 0.7 elec-

tore In a wide pressure range around 53 kbar, they trons/atom.

have proposed that these anomalies arise from an However, the development of reliable tunnel

isostructural (fcc - fcc) phase transition which junctions led to the unambiguous assignment of La

terminates at a critical point below room tempera- as a relatively strong-coupling d-electron super-

ture. Especially considering the decrease in dT,' conductor, t ' -! 5 with electron-ohonon coupling con-
dPby a factor of 4 (Ref. 1) at this transition, this stant x-0.8-0.9. While this partially accounts for

revives questions concerning the complex inter- the large electronic specific heat, which is en-

relation of lattice instability, phonon softening, hanced by the factor (I + \,), it still leaves the

and high-temperature supei'conductivity. possibility that the pressure enhancement of T,

The superconductivity of La was attributed by is related to f character in the electronic struc-

Kondos and many others 4 s tof-electron mecha- ture. Ratto, Coqblin, and Galleani5 have attributed
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APPENDIX C

Lectures and Seminars presented by Arthur J. Freeman , 1979

Theory Colloquium, Oak Ridge National Laboratory, Oak Ridge, Tennessee,
Feb. 7, 1979. Talk: "Local Density Approach to Bulk Solids and Surfaces".

Physics Department Colloquium, Louisiana State University, Baton Rouge,
Louisiana, Feb. 8, 1979, Talk: "Electronic Structure of Bulk Solids, Surfaces
and Chemisorption".

Seminar, Los Alamos Scientific Laboratory, Los Alamos, New Mexico, Feb. 2,
1979, "Re-entrant Magnetism in Rare-earth Superconducting Compounds".

Physics Department Colloquium, University of Illinois at Chicago Circel,
Chicago, Illinois, Feb. 21, 1979, Talk: "Electronic Structure of Bulk Solids,
Surfaces and Chemisorption".

Symposium on Muon Spin Rotation and Associated Problems, April 12-14, 1979,
Dogashirna, Japan, Invited Paper: "Muon Hyperfine Anomalies".

Talks given at the Institute of Physics, Peking, People's Republic of China,
April 17, 1979, "Local Density Theory of Electronic Structure of Solios";
April 18, 1979, "Reentrant Magnetism in Rare-earth Superconducting Ternary Compounds";

April 19, 1979, "Surface States and Surface Magnetism in Ferromagnetic Transition
Metals".

Talks given at the University of Nanking, Nanking, People's Republic of China,

April 23, 1979, "Local Density Theory of Electronic Structure of Bulk and Surfaces";
April 24, 1979, "Reentrant Magnetism in Rare-earth Superconducting Ternary Compounds".

Tal's given at Fudan University, Shanghai, People's Republic of China,
April 25, 1979, "Local Density Theory of Electronic Structure of Bulk ana .-urfaces";
April 26, 1979, "Reentrant Magnetism in Rare-earth Superconducting Ternary Compounds

Talks given at Hangchow University, Hangchow, People's Republic of China,
April 27, 1979, "Local Density Theory of Electronic Structure of Bulk and Surfaces".

American Physical Society Meeting, Chicago, Illinois, March 19-23, 1979,
Leader of group session "Band Theory of Metals".

TIt. rf on Layered Materials and Intercalates, University of Nijmegen,

The Netherlands, Aug. 28-31, 1979, Member of the Organizing Committee and

Chairman of the 2nd plenary session.

ICM'79, Munich, Germany, Sept. 3-7, 1979, Talks: "Magnetic Interactions in

Chevrel Phase Ternary Compounds" and "Surface States, Surface Magnetization and
Electron Spin Polarizal ion in Ferromagnetic 3d Metals"; Member Int. Program

Committee; Organizer, Chairman and Invited Speaker at Panel Symposium on
Surfaces and Magnetism; Speaker at Closing Plenary Panel "Trends In lagnetism'.

Int. Conf. on Mr6ssbauer Spectroscopy", Portoroz, Yugoslavia, Sept. 10-14, 1979,
Invited paper: "Electronic Structure of Surfaces, Surface Magnetism and Surface
Phase Transitions" (withC. S. Wang, H. Krakauer and M. Posternak); Chairman
and Crn;:izer of Panel on Surfaces.

Talk at ETH, ZUrich, Switzerland, Sept. 17, 1979, Physics Department Colloquium,
"Surface Magnetism in Ferromagnetic 3d Metals".



Arthur J. Freeman

American Physical Society Talks Presented, March 1979, Chicago, Illinois

"Near Infra-red Luminescencp from CuCI" (with G.K. Wong, J. Bajaj and C.W. Chu).

"Infra-red Absorption in CuCl" (with F. Wagner, Jr., M. einert and C.W. Chu).

"Self-Consistent Electronic Structure of Ternary Chevrel Phase Compounds",
(with T. Jarlborg).

"Electronic Structure of CuCI" (with C.S. Wang, T. Jarlborg and M. Weinert).

"Electronic Structure of Cu- and Ag-Halides" (with T. Jarlborg).

"Isostructurpl Phase Transitions and Superconductivity in fcc La" (with

W.E. Pickett and D.D. Koelling).

"Local Density Functional Study of the a - y Isostructural Phase Transition

in Cerium" (with W.E. Pickett and D. D. Koelling).



Iarrnur i . r reeLli

Lecturesand Seminars Presented - 1980

Physics Department Colloquium, University of Indiana, Bloomington, Indiana,
February 12, 1980: '"agnetism and Superconductivity in Ternary Rare-earth Compounds"

Sanibel Symposia, Palm Coast, Florida, March 4-20, 1930: "Electronic Structure of
High Temperature Superconductors; C-15's and Chevrel Phase Compounds"

International Symposium on the Physics of Actinides and Related 4f Materials,
Zurich, S!,itzerland, April 9-11, 1980.

Invited papers:
"f-Electrons in Solids: Electronic Structure and Properties of Actinides
and Rare-Earths" (Opening talk)
"f-electron Bonding, Electronic Structure and Phase Transitions"
rhairman of Panel Session: "Localized vs Itinerant f-electrons"

International Conferent on Physics of Magnetic Mateiials, Jaszoviec, Poland,
April 12-20, 1980. "Magnetism of Surfaces, Interfaces and Modulated Structures"
(invited paper); Organized and Chaired Symposium on Trends in Magnetism.

Colloquium Physics Department, ETH, Zurich, S -itzerland, April 23, 1980, "Magnetism
and Superconductivity of the Chevrel Phase Compounds"

Colloquium Physicj Department, University of Basel, Basel, Switzerland, April 28,
1980, "Magnetism Surfaces, Interfaces and Modulated Structures"

Colloquium Physics Department, ETH, Zurich, Switzerland, April 29, 1980,
"Surface States and Electronically Driven Surface Phase Transitions"

Colloquium Physics Department, University of Geneva, Geneva, Switzerland,
May 2, 1980, "Magnetism and Superconductivity of Chevrel Phase Compounds"

International Conference on Ordering in Two Dimensions, Lake Geneva, Wisconsin,
May 28-30, 1980 "Generalized Susceptibilities and Electronically Driven Surface
Phase Transitions (invited paper given by H. Krakauer)

V International Conference on Hyperfine Interactions, Berlin, West Germany,
July 21-25, 1980, "Magnetism of Surfaces, Interfaces and Modulated Structures"

(Invited talk) (unable to attend due to illness of son)

Yamafa Conference IV on Physics and Chemistry of Layered Materials, Sendai,
Japan, September 8-10, 1980, "Electronic Band Structure uf Transition Metal
Dichalcogenides and Artificial Layered Coherent Modulated Structures"
(Invited paper) (unvable to attend due to illness of son)

International Conference on Ternary Superconductors, Lake Geneva Visconsin,
September 24-26, 1980 "Spin Polarization and High Critical Fields in Chevrel
Compounds" (Invited talk)



Arthur J. Freeman

.' lks presented at the American Physical Society Meeting in Ne., York, 24-28 March 1980

Invited talks

"Magnetic Isolation and Superconductivity in Rare-Earth Chevrel Compounds"
T. Jarlborg

I

"'urface Resonances, Generalized Susceptibilities and Electronically Driven
Surface Pbase Transitions"

H. Krakauer

Other talks

"Self-Consistent Electronic Structure of Coherent Metal Superlattices: Cu-Ni"
(with T. Jarlborg)

"Magnetism/Superconductivity in C15 Compounds from Self-consistent LMTO
Band Calculations"

(with T. Jarlborg)
"Hyperfine Anomalies in Muonic Atoms From Breit Interactions and Unrestricted
Dirac-Fock Solutions"

(with J.V. Mallow, J.P. Desclaux and M. J.Teinert)
"Self-consistent Electronic Structure of the Contracted Tungseten (001)
Surface"

(with M. Posternak and H. Krakauer)
"Self-consistent Electronic Structure of A (lll) Films and Chemisor,,tion
Bonding of Oxygen on A'(111)"

(with D.-S. Wang, H. Krakauer and M. Posternak)


